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Preface 


Biosensor Technologies 


A biosensor is defined by the International Union of Pure and Applied Chemistry (IUPAC) 
as “a device that uses specific biochemical reactions mediated by isolated enzymes, immu- 
nosystems, tissues, organelles or whole cells to detect chemical compounds usually by 
electrical, thermal or optical signals” [1]; all biosensors are based on a two-component 
system: 


1. Biological recognition element (ligand) that facilitates specific binding or biochemical 
reaction with the target analyte. 


2. Signal conversion unit (transducer). 


Since the publication of the first edition of this book in 2009, “classical” biosensor 
modalities such as electrochemical or surface plasmon resonance (SPR) continue to be 
developed. New biosensing technologies and modalities have also been developed, includ- 
ing the use of nanomaterials for biosensors, fiber-optic-based biosensors, genetic 
code-based sensors, and field-effect transistors and the use of mobile communication 
device-based biosensors. Although it is impossible to describe the fast-moving field of 
biosensing in a single publication, this book presents descriptions of methods and uses for 
some of the basic types of biosensors while also providing the reader a sense of the enormous 
importance and potential for these devices. In order to present a more comprehensive 
overview, the book also describes other biodetection technologies. 

Dr. Leland C Clark, who worked on biosensors in the early 1960s, provided an early 
reference to the concept of a biosensor by developing an “enzyme electrode” for glucose 
concentration measurement using the enzyme glucose oxidase (GOD) [2]. Glucose moni- 
toring is essential for diabetes patients, and even today, the most common clinical biosensor 
technology for glucose analysis is the electrochemical detection method envisioned by Clark 
more than 50 years ago. Today glucose monitoring is performed using rapid point of care 
biosensors made possible through advances in electronics that have enabled sensor minia- 
turization. The newest generation of biosensors includes phone-based optical detectors with 
high-throughput capabilities. 


The Use of Biosensors 


Biosensors have several potential advantages over other methods of biodetection, including 
increased assay speed and flexibility. Rapid, real-time analysis can provide immediate inter- 
active information to health-care providers that can be incorporated into the planning of 
patient care. In addition, biosensors allow multi-target analyses, automation, and reduced 
testing costs. Biosensor-based diagnostics may also facilitate screening for cancer and other 
diseases by improving early detection and therefore improving prognosis. Such technology 
may be extremely useful for enhancing health-care delivery to underserved populations and 
in community settings. 
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The main advantages of biosensors include: 


Rapid or real-time analysis: Direct biosensors such as those employing surface plasmon 
resonance (SPR) enable rapid or real-time label-free detection and provide almost 
immediate interactive sample information. This enables facilities to take corrective 
measures before a product is further processed or released for consumption. 


Point of care detection capabilities: Biosensors can be used for point of care testing. This 
enables state-of-the-art molecular analysis without requiring a laboratory. 


Continuous flow analysis. Many biosensors are designed to allow analysis of bulk liquids. In 
such biosensors, the target analyte is injected onto the sensor using a continuous flow 
system immobilized in a flow cell or column, thereby enhancing the efficiency of analyte 
binding to the sensor and enabling continuous monitoring. 


Miniaturization: Increasingly, biosensors are being miniaturized for incorporation into 
equipment for a wide variety of applications including clinical care, food and dairy 
analyses, agricultural and environmental monitoring, and in vivo detection of a variety 
of diseases and conditions. 


Control and automation: Biosensors can be integrated into online process monitoring 
schemes to provide real-time information about multiple parameters at each production 
step or at multiple time points during a process, enabling better control and automation 
of biochemical facilities. 


Biosensor Classification 


In general, biosensors can be divided into two groups: direct recognition sensors in which 
the biological interaction is directly measured and indirect detection sensors which rely on 
secondary elements (often catalytic) such as enzymes or fluorescent tags for measurements. 
Figure 1 illustrates the two types of biosensors. In each group, there are several types of 
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Fig. 1 General schematic of biosensors. (A) Direct detection biosensors where the recognition element is 
label-free and (B) indirect detection biosensors using “sandwich” assay where the analyte is detected by 
labeled molecule. Direct detection biosensors are simpler and faster but typically yield a higher limit of 
detection compared to indirect detection systems 
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optical, electrochemical, or mechanical transducers. Although the most commonly used 
ligands are antibodies, other ligands are being developed including aptamers (protein- 
binding nucleic acids) and peptides. 

There are numerous types of direct and indirect recognition biosensors, and the choice 
of a suitable detector is complex and based on many factors. These include the nature of the 
application, type of labeled molecule (if used), sensitivity required, number of channels (or 
area) measured, cost, technical expertise, and speed of detection. In this book, we describe 
many of these detectors, their application to biosensing, and their fabrication. 

The transducer element of biosensors converts the biochemical interactions of the 
ligand into a measurable electronic signal. The most important types of transducer used 
today are optical, electrochemical, and mechanical. 


Direct Label-Free Detection Biosensors 

Direct recognition sensors, in which the biological interaction is directly measured in real 
time, typically use non-catalytic ligands such as cell receptors or antibodies. Such detectors 
typically measure directly physical changes (e.g., changes in optical, mechanical, or electrical 
properties) induced by the biological interaction and do not require additional labeled 
molecules (i.e., are label-free) for detection. The most common direct detection biosensors 
are optical biosensors including biosensors which employ evanescent waves generated when 
a beam of light is incident on a surface at an angle yielding total reflection. Common 
evanescent wave biosensors are surface plasmon resonance (SPR) or resonant mirror sensors. 
Other direct optical detectors include interferometric sensors or grating coupler. Nonoptical 
direct detection sensors are quartz resonator transducers that measure change in resonant 
frequency of an oscillating piezoelectric crystal as a function of the mass (e.g., analyte 
binding) on the crystal surface, microcantilevers used in microelectromechanical systems 
(MEMS) measuring bending induced by the biomolecular interactions, or field-effect 
transistor (FET) biosensors, a transistor gated by biological molecules. When biological 
molecules bind to the FET gate, they can change the gate charge distribution resulting in a 
change in the conductance of the FET. 


Indirect Label-Based Detection Biosensors 

Indirect detection sensors rely on secondary elements for detection and utilize labeling or 
catalytic elements such as enzymes. Examples of such secondary elements are the enzyme 
alkaline phosphatase and fluorescently tagged antibodies that enhance detection of a sand- 
wich complex. Unlike direct sensors, which directly measure changes induced by biological 
interaction and are “label-free,” indirect sensors require a labeled molecule bound to the 
target. Most optical indirect sensors are designed to measure fluorescence; however, such 
sensors can also measure densitometric and colorimetric changes as well as chemilumines- 
cence, depending on the type of label used. 

Electrochemical transducers measure the oxidation or reduction of an electroactive 
compound on the secondary ligand and are one common type of indirect detection sensor. 
Several types of electrochemical biosensors have been developed including amperometric 
devices, which detect ions in a solution based on electric current or changes in electric 
current when an analyte is oxidized or reduced. Another common indirect detection 
biosensor employs optical fluorescence, detecting fluorescence of the secondary ligand via 
CCD, PMT, photodiode, and spectrofluorometric analysis. In addition, visual measurement 
such as change of color or appearance of bands (e.g., lateral flow detection) can be used for 
indirect detection. 
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Indirect detection can be combined with direct detection to increase sensitivity or to 
validate results; for example, the use of secondary antibody in combination with an SPR 
immunosensor. Using a sandwich assay, the analyte captured by the primary antibody is 
immobilized on the SPR sensor and generates a signal which can be amplified by the binding 
of a secondary antibody to the captured analyte. 


Ligands for Biosensors 


Ligands are molecules that bind specifically with the target molecule to be detected. The 
most important properties of ligands are affinity and specificity. Of the various types of 
ligands used in biosensors, immunosensors—particularly antibodies—are the most common 
biosensor recognition element. Antibodies (Abs) are highly specific and versatile and bind 
strongly and stably to specific antigens. However, Ab ligands have limited long-term stability 
and are difficult to produce in large quantities for multi-target biosensor applications where 
many ligands are needed. 

Other types of ligands such as aptamers and peptides are more suited to high- 
throughput screening and chemical synthesis. Aptamers are protein-binding nucleic acids 
(DNA or RNA molecules) selected from random pools based on their ability to bind other 
molecules with high affinity. Peptides are another potentially important class of ligand 
suitable for high-throughput screening due to their ease of selection. However, the affinity 
of peptides is often lower than that of antibodies or aptamers, and peptides vary widely in 
structural stability and thermal sensitivity. 


New Trends in Biosensing 


While the fundamental principles and the basic configuration of biosensors have not 
changed in the last decade, this book expands the application of these principles using 
new technologies such as nanotechnology, integrated optics (IO) bioelectronics, portable 
imaging, new fluidics and fabrication methodologies, and new cellular and molecular 
approaches. 


Integration of nanotechnology: There has been great progress in nanotechnology and nano- 
material in recent years. New nanoparticles have been developed having unique electric 
conductivity and optical and surface properties. For example, in several chapters, new 
optical biosensors are described that integrate nanomaterials in SPR biosensor config- 
urations such as localized surface plasmon resonance (LSPR), 3D SPR plasmonic 
nanogap arrays, or gold nanoparticle SPR plasmonic peak shift. In addition to SPR 
biosensors, nanomaterials are also applied to fluorescence detection utilizing fluores- 
cence quantum dot or silica nanoparticles to increase uniform distribution of enzyme 
and color intensity in colorimetric biosensors or to improve lateral flow detection. In 
addition to optical sensors, gold nanoparticles (AuNPs) have been integrated into 
electrochemical biosensors to improve electrochemical performance, and magnetic 
nanoparticles (mNPs) have been used to improve sample preparation. Nanoparticle- 
modified gate electrodes have been used in the fabrication of organic electrochemical 
transistors. 


Bioelectronics: Several chapters described the integration of biological elements in electronic 
technology including the use of semiconductors in several configurations of field-effect 
transistors and light-addressable potentiometric sensors. 
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Application of imaging technologies: The proliferation of high-resolution imaging technol- 
ogies has enabled better 2D image analysis and increases in the number of analytical 
channels available for various modalities of optical detection. These include two- 
dimensional surface plasmon resonance imaging (2D-SPRi) utilizing CCD cameras or 
2D photodiode arrays. The use of smartphones for both fluorescence and colorimetric 
detectors is described in several manuscripts. 


Integrated optics (IO): Devices with photonic integrated circuits are presented which 
integrate several optical and often electronic components. Examples include an 
integrated optical (IO) nano-immunosensor based on a bimodal waveguide (BiMW) 
interferometric transducer integrated into a complete lab-on-a-chip (LOC) platform. 


New fluidics and fabrication methodologies. Fluidics and fluid delivery are important com- 
ponents of many biosensors. In addition to traditional polymer-fabricated microfluidics 
systems, inkjet-printed paper fluidics are described that may play an important role in 
LOCs and medical diagnostics. Such technologies enable low-cost mass production of 
LOCs. In addition, several chapters describe the use of screen printing for device 
fabrication. 


Cellular and molecular approaches. Molecular approaches are described for aptamer-based 
biosensors (aptasensors), synthetic cell-based sensors, loop-mediated DNA amplifica- 
tion, and circular strand displacement for point mutation analysis. 


While “classic” transducer modalities such as SPR, electrochemical, or piezoelectric 
remain the predominant biosensor platforms, new technologies such as nanotechnology, 
integrated optics, or advanced fluidics are providing new capabilities and improved 
sensitivity. 


Aims and Approaches 


This book attempts to describe the basic types, designs, and applications of biosensors and 
other biodetectors from an experimental point of view. We have assembled manuscripts 
representing the major technologies in the field and have included enough technical 
information so that the reader can both understand the technology and carry out the 
experiments described. 

The target audience for this book includes engineering, chemistry, biomedical, and 
physics researchers who are developing biosensing technologies. Other target groups are 
biologists and clinicians who ultimately benefit from development and application of the 
technologies. 

In addition to research scientists, the book may also be useful as a teaching tool for 
bioengineering, biomedical engineering, and biology faculty and students. To better repre- 
sent the field, most topics are described in more than one chapter. The purpose of this 
redundancy is to bring several experimental approaches to each topic, to enable the reader to 
choose an appropriate design, to combine elements from different designs in order to better 
standardize methodologies, and to provide readers more detailed protocols. 


Organization 


The publication is divided into two volumes. Volume I (Springer Vol. XXX) focuses on 
optical-based detectors, while Volume II (Springer Vol. XXX) focuses on electrochemical, 
bioelectronic, piezoelectric, cellular, and molecular biosensors. 
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Volume I (Springer Vol. XXX) 

Optical-based detection encompasses a broad array of technologies including direct and 
indirect methods as discussed above. Part I of Volume I describes various optical-based 
direct detectors, while Part II focuses on indirect optical detection. Three types of direct 
optical detection biosensors are described: evanescent wave (SPR and resonant waveguide 
grating), interferometers, and Raman spectroscopy sensors. 

The second part of Volume I describes various indirect optical detectors as discussed 
above. Indirect directors require a labeled molecule to be bound to the signal-generating 
target. For optical sensors, such molecules emit or modify light signals. Most indirect optical 
detectors are designed to measure fluorescence; however, such detectors can also measure 
densitometric and colorimetric changes as well as chemiluminescence, and detection 
depends on the type of label used. Such optical signals can be measured in various ways as 
described in Part II. These include various CCD-based detectors which are very versatile, 
inexpensive, and relatively simple to construct and use. Other optical detectors discussed in 
Part II are photodiode-based detection systems and mobile phone detectors. Lateral flow 
systems that rely on visual detection are included in this section. Although lateral flow 
devices are not “classical” biosensors with ligands and transducers, they are included in 
this book because of their importance for biosensing. Lateral flow assays use simple immu- 
nodetection (or DNA hybridization) devices, such as competitive or sandwich assays, and 
are used mainly for medical diagnostics such as laboratory and home testing or any other 
point of care (POC) detection. A common format is a “dipstick” in which the test sample 
flows on an absorbant matrix via capillary action; detection is accomplished by mixing a 
colorimetric reagent with the sample and binding to a secondary antibody to produce lines 
or zones at specific locations on the absorbing matrix. 


Volume II (Springer Vol. XXX) 
Volume II describes various electrochemical-, bioelectronic-, piezoelectric-, cellular-, and 
molecular-based biosensors. 

In Part I of Volume II, we describe several types of electrochemical and bioelectronic 
detectors. Electrochemical biosensors were the first biosensors developed and are the most 
commonly used biosensors in clinical settings (e.g., glucose monitoring). Also included are 
several electronic /semiconductor sensors based on the field effect. Unlike electrochemical 
sensors, which are indirect detectors and require labeling, electronic/semiconductor bio- 
sensors are label-free. 

In Part II, we describe “mechanical detectors” which modify their mechanical proper- 
ties as a result of biological interactions. Such mechanical direct biosensors include piezo- 
electric biosensors which change their acoustical resonance and cantilevers which modify 
their movement. 

Part III describes a variety of biological sensors including aptamer-based sensors and 
cellular and phage display technologies. 

Part IV describes several microfluidics technologies for cell isolation. In addition, a 
number of related technologies including Raman spectroscopy and high-resolution micro- 
ultrasound are described. 

The two volumes provide comprehensive and detailed technical protocols on current 
biosensor and biodetection technologies and examples of their applications and capabilities. 


Rockville, MD Ben Prickril 
Rockville, MD Avraham Rasooly 
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Chapter 1 


A Reagentiess, Screen-Printed Amperometric Biosensor 
for the Determination of Glutamate in Food and Clinical 
Applications 


G. Hughes, R.M. Pemberton, P.R. Fielden, and J.P. Hart 


Abstract 


A reagentless biosensor has been successfully developed to measure glutamate in food and clinical samples. 
The enzyme, glutamate dehydrogenase (GLDH) and the cofactor, nicotinamide adenine dinucleotide 
(NAD*) are fully integrated onto the surface of a Meldola’s Blue screen-printed carbon electrode 
(MB-SPCE). The biological components are immobilized by utilizing unpurified multi-walled carbon 
nanotubes (MWCNT’s) mixed with the biopolymer chitosan (CHIT), which are drop-coated onto the 
surface of the MB-SPCE in a layer-by-layer fashion. Meldola’s Blue mediator is also incorporated into 
the biosensor cocktail in order to increase and facilitate electron shuttling between the reaction layers and 
the surface of the electrode. The loadings of each component are optimized by using amperometry in 
stirred solution at a low fixed potential of +0.1 V. The optimum temperature and pH are also determined 
using this technique. Quantification of glutamate in real samples is performed using the method of standard 
addition. The method of standard addition involves the addition of a sample containing an unknown 
concentration of glutamate, followed by additions of known concentrations of glutamate to a buffered 
solution in the cell. The currents generated by each addition are then plotted and the resulting line is 
extrapolated in order to determine the concentration of glutamate in the sample (Pemberton et al., Biosens 
Bioelectron 24:1246—1252, 2009). This layer-by-layer approach holds promise as a generic platform for the 
fabrication of reagentless biosensors. 


Key words Glutamate, Reagentless, Carbon-nanotubes, Meldola’s Blue, Screen-printed carbon 
electrode, Glutamate dehydrogenase 


1 Introduction 


Glutamate is considered to be the primary neurotransmitter in 
the mammalian brain and facilitates normal brain function [2]. 
Neurotoxicity, which causes damage to brain tissue, can be induced 
by glutamate at high concentrations. The accumulation of high 
concentrations of glutamate leads to the overactivation of NMDA 
and AMPA receptors [3], which may link it to a number of 
neurodegenerative disorders such as Parkinson’s disease, multiple 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
DOI 10.1007/978-1-4939-6911-1_1, © Springer Science+Business Media LLC 2017 
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sclerosis [4], and Alzheimer’s disease [5]. In cellular metabolism, 
glutamate also contributes to the urea cycle and tricarboxylic acid 
cycle (TCA)/Krebs cycle. It plays a vital role in the assimilation of 
NH,4* [6]. Intracellular glutamate levels outside of the brain are 
typically 2-5 mmol/L, while extracellular concentrations are 
~0.05 mmol/L [7 | and is present in high concentrations through- 
out the liver, brain, kidney and skeletal muscle [8 |. Glutamate has a 
significant role in the disposal of ammonia, which is typically pro- 
duced from the digestion of dietary amino acids, protein and the 
ammonia produced by intestinal tract bacteria. Many food products 
contain MSG (monosodium glutamate) as a flavor enhancer, often 
in unspecified amounts. The determination of glutamate in food 
products could assist those with a sensitivity to glutamate known as 
Chinese restaurant syndrome [9 |. 

Electrochemical biosensors for the measurement of glutamate 
have been based on either oxidase or dehydrogenase enzymes 
which have been integrated with various transducers using one of 
several immobilization methods | 1, 10]. The main limitation with 
biosensors systems based on oxidase enzymes is the high cost of the 
enzyme, whereas dehydrogenase enzymes require that the cofactor 
NAD*/NADH be added to the sample undergoing analysis. In the 
present study we describe a reliable method of incorporating this 
cofactor with the other biosensor components onto the surface of a 
screen-printed carbon electrode containing the electrocatalyst Mel- 
dola’s Blue. This results in a low cost reagentless device which is 
more convenient to use |11, 12]. 

The biosensor is utilized in a three electrode configuration 
consisting of a working (WE), reference (RE) and a counter elec- 
trode (CE) which are placed in a cell, as shown in Fig. 1, into which 
the buffer and analyte of interest are added. 

Figure 2 shows a schematic of the overall principle of operation 
of the biosensor. Glutamate in solution is oxidized to form alpha- 
ketoglutarate in the presence of the immobilized enzyme GLDH 
and the cofactor NAD”. This results in the generation of NADH 
and NH,*. The NADH reduces the mediator Meldola’s Blue 
(MB), which undergoes electrochemical oxidation at the electrode 
surface resulting in the generation of the analytical response. The 
mediator subsequently regenerates. The concentration of gluta- 
mate determined by the biosensor is proportional to the current 
generated, when operating within the K,, of the enzyme. The 
reactions described take place at the surface of the electrode and 
throughout the layer-by-layer structure [13]. 

Figure 3 illustrates the structure of the reagentless biosensor 
produced by the layer-by-layer procedure. The inner (layer 1) and 
outer layer (layer 3) of the biosensor are composed of multi-walled 
carbon nanotubes (MWCNTTs) mixed with the biopolymer chito- 
san (CHIT). The enzyme and cofactor are entrapped in layer 
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Fig. 1 Photograph of the three-electrode system and the experimental setup 
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Fig. 2 Schematic displaying the interaction between the immobilized enzyme GLDH and glutamate at the 
surface of the electrode and the subsequent generation of the analytical response 


2 which is retained by layer 3. Additional MB is integrated through- 
out each layer of the biosensor in order to enhance sensitivity. 

Table 1 shows the optimized quantities of each component 
drop-coated on the MB-SPCE surface. Layers one and two are 
deposited sequentially then left to dry at 4 °C in a desiccator. 
Next, the third layer is drop-coated and allowed to completely 
dry at 4 °C in a desiccator. These are stored under vacuum at 
4 °C until required for analysis. 
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Fig. 3 A schematic diagram displaying the layer-by-layer drop coating fabrication 
procedure used to construct the reagentless glutamate biosensor, based on a 
MB-SPCE electrode 


Table 1 
Total optimized loadings for each biosensor component 


GLDH (units) NAD* (pg) CHIT (p9) 
FO a 
27 27 5 
27 54 5 
27, 106 5 
27 214 5 
27 106 5 
27 106 10 
27 106 15 
27 106 20 
2 Materials 
2.1 Chemicals 1. All chemicals are of analytical grade, purchased from Sigma 


Aldrich, UK, except glutamate dehydrogenase (CAT: 
10197734001) which is purchased from Roche, UK. 


2. The 0.75 M phosphate buffer is prepared by combining appro- 
priate volumes of tri-sodium phosphate dodecahydrate, 
sodium dihydrogen orthophosphate dihydrate, and disodium 
hydrogen orthophosphate anhydrous solutions to yield the 
desired pH. 


2.2 Equipment 


Novel Reagentless, Screen-Printed Amperometric Glutamate Biosensor 5 


3. 


4. 


10. 


Glutamate is dissolved directly in 0.75 M phosphate buffer. 
Solutions are prepared fresh per use. 


NADH/NAD” is dissolved directly in 0.75 M phosphate 
buffer. Solutions are prepared fresh per use. 


. An appropriate quantity of glutamate dehydrogenase (GLDH) 


is dissolved in 600 uL of phosphate buffer (0.75 M) and 
aliquoted into 60 uL micro cuvettes (3 U/L). The aliquots 
are frozen at —4 °C in order to preserve enzyme activity. 


. An appropriate quantity of CHIT is weighed and dissolved in 


0.05 M hydrochloric acid (pH < 3.0) to produce a 0.05% 
solution. The solution is sonicated for up to 10 min in order 
to fully dissolve the chitosan. 


. The MWCNT-CHIT solution is prepared by mixing 0.6 mg of 


MWCNT into a 300 uL of 0.05% CHIT solution. The solution 
is sonicated for 15 min and stirred for 24 h. 


. The 107° M Meldola’s Blue (MB) solution is prepared by 


dissolving the appropriate weight of MB in distilled water 
with some mixing to ensure homogeneity. 


. Foetal bovine serum (FBS) (South American Origin, CAT: 


$1810-500) obtained from Labtech Int. Ltd., is used for 
serum analysis. 


Food samples (Beef OXO cubes) are obtained from a local 
supermarket. 


. All electrochemical experiments are conducted with a three- 


electrode system consisting of a carbon working electrode 
containing MB, (MB-SPCE, Gwent Electronic Materials Ltd.; 
Ink Code: C2030519P5), a Ag/AgCl reference electrode 
(GEM Product Code C61003P7); both printed onto PVC, 
and a separate Pt counter electrode. 


. The area of the working electrode is defined using insulating 


tape, into a 3 x 3 mm? area. 


. The electrodes are then connected to the potentiostat using 


gold clips. Solutions, when required, are stirred using a circular 
magnetic stirring disk and stirrer (IKA® C-MAG HS IKAMAG, 


Germany) at a uniform rate. 


. A pAutolab II electrochemical analyzer with general purpose 


electrochemical software GPES 4.9 is used to acquire data and 
experimentally control the voltage applied to the SPCE in the 
10 mL electrochemical cell which is used for hydrodynamic 
voltammetry. 


. An AMEL Model 466 polarographic analyzer combined with a 


GOULD BS-271 chart recorder is used for all amperometric 
studies. 
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3 Methods 


3.1 Reagentless 
Biosensor Fabrication 


3.1.1 Layer 1 


3.1.2 Layer 2 


6. Measurement and monitoring of the pH is conducted with a 
Fisherbrand Hydrus 400 pH meter (Orion Research Inc., USA). 


7. Sonications are performed with a Devon FS100 sonicator 
(Ultrasonics, Hove, Sussex, UK). 


Figure 3 illustrates the structure of the reagentless biosensor 
produced by the layer-by-layer procedure. The inner (layer 1) and 
outer layer (layer 3) of the biosensor are composed of multi-walled 
carbon nanotubes (MWCNTs) mixed with the biopolymer chito- 
san (CHIT). The enzyme and cofactor are entrapped in layer 
2 which is retained by layer 3. Additional MB is integrated through- 
out each layer of the biosensor in order to enhance sensitivity. 

Table 1 shows the optimized quantities of each component 
drop-coated on the MB-SPCE surface. Layers one and two are 
deposited sequentially then left to dry at 4 °C in a desiccator. 
Next, the third layer is drop-coated and allowed to completely 
dry at 4 °C in a desiccator. These are stored under vacuum at 
4 °C until required for analysis 


1. When drop coating the biosensor components, utilize the tip of 
the pipette as if it were a brush. Brush each deposition on the 
surface of the electrode to ensure full coverage of the working 
area. 


2. Ensure that the drop-coated liquids remain on the working 
electrode by keeping the screen-printed transducer on a flat 
surface. Once the initial base of liquid is defined, subsequent 
drop-coatings become easier. 


3. Using a Gilson pipette, 10 pL of MWCNTs solution containing 
0.05% CHIT in a 0.05 M HCI solution is drop-coated onto the 
surface of the working electrode. 


4. Following this, an aliquot of 1 pL of 0.01 M MB in H20 is drop- 
coated. No premixing is required, the MB will disperse through- 
out the solution. 


5. This layer is allowed to partially dry at 4 °C under vacuum for 
10 min. 


1. The components for this layer are prepared as follows: 54 uL of 
GLDH (3 U/l), 5 uL of 0.1% CHIT, and 6 pL of 160 mM 
NAD* are placed into an eppendorf tube and mixed thoroughly. 


2.9 uL of this mixture is drop-coated onto the surface of the 
working electrode. It is useful to eject the full 9 pL, holding 
the liquid as a sphere at the end of the pipette, and then touch 
the surface of the electrode. The liquid will then distribute itself 
evenly across the MWCNT-CHIT mixture. 
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3.1.3 Layer 3 


3.2 Scanning 
Electron Microscopy 


3.3 Hydrodynamic 
Voltammetry 


3. This is followed by 1 pL of 0.01 M MB in H20. 


4. This layer is allowed to partially dry at 4 °C under vacuum 
for 3 h. 


1. 10 pL of MWCNTs suspended in a solution containing 0.05% 
CHIT ina 0.05 M HCI solution is drop-coated on top of layer 2. 


2. Following this, an aliquot of 1 pL of 0.01 M MB in H20 is drop- 
coated onto the above layer. 


3. The biosensor is allowed to completely dry at 4 °C under vac- 
uum for 2 h. 


4. The composition of each layer is shown in Fig. 3. 


5. A picture of the final complete biosensor is shown in Fig. 4. 


Figure 5 displays SEM images of the different layers deposited on 
top of the original Meldola’s Blue SPCE (MB-SPCE). The only 
treatment of the biosensor specimens is a drying procedure. 


1. Hydrodynamic voltammetry is performed using the complete 
biosensor with 400 uM of glutamate, in 0.75 mM phosphate 
buffer (pH 7.0) containing 50 mM NaCl. 


2. An initial potential of —120 mV is applied to the biosensor and 
the resulting steady state current is measured. 


RE 





Insulating Tape 


Fig. 4 Picture of the final biosensor 
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MB-SPCE  LAYERONE ~ LAYER TWO LAYER THREE 


Fig. 5 SEM imaging of each individual layer of the reagentless biosensor. The scale is the same for all SEM 
images 
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Fig. 6 Hydrodynamic voltammogram obtained using MB-SPCE/MWCNT-CHIT-MB/GLDH-NAD+—CHIT-MB/ 
MWCNT-CHIT-MB biosensor in the presence of 400 uM glutamate in 75 mM phosphate buffer (pH 7.0) 
containing 50 mM NaCl 


3. The potential is then changed to —115 mV and again a steady 
state current is measured. 


4. The procedure is continued by changing the potential by 50 mV 
steps to a potential of +100 mV. 


5. Subsequent steps are carried out by increasing by 25 mV up toa 
final potential of +150 mV. 


6. The steady state currents are measured at each potential. 


7. A hydrodynamic voltammogram is constructed by plotting the 
steady state currents against the corresponding potentials. 


8. The resulting HDV plot is illustrated in Fig. 6. 
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3.4 Amperometry 
in Stirred Solution 


3.5 Application 

of Optimized 
Amperometric 
Biosensor 

to the Determination 
of Glutamate in Food 


3.6 Application 

of Optimized 
Amperometric 
Biosensor 

to the Determination 
of Glutamate in Serum 


iF 


All amperometric studies are performed in a fresh 10 mL solu- 
tion containing of 75 mM PB pH 7.0 with 50 mM NaCl (PBS). 
Stir the solution with a magnetic stirrer. 


. A potential of +0.1 V vs. Ag/AgCl is applied. The charging 


current to is allowed to dissipate and for a steady state current 
to be attained. 


. An example amperogram for the calibration of the glutamate 


biosensor is shown in Fig. 7a. Subsequent calibration plots for 
five different sensors are shown in Fig. 7b. 


. An OXO cube is weighed before dissolving (approximately 


weight: 5.9 g) in 50 mL of phosphate buffer using sonication 
for 15 min. 


. The endogenous concentration of MSG is determined by using 


the method of standard addition. 


. The 5 uL volume of the dissolved OXO cube is inserted into the 


stirred buffered solution (10 mL) in the voltammetric cell con- 
taining the biosensor. A applied potential of +0.1 V (vs. Ag/ 
AgCI!) is used. Subsequent standard additions of 3 pL of 25 mM 
glutamate (final concentration: 7.5 uM) are injected into the 
solution. An amperogram of the standard addition procedure is 
shown in Fig. 8. 


. The reproducibility of the biosensor assay for MSG analysis in 


OXO cubes is determined by repeating the whole procedure five 
times with five individual biosensors. 


. An initial volume of 150 uL of serum is injected into 9.85 mL 


buffer solution. 


. Once the current generated as a result of the serum had reached 


steady state, additions of 3 uL aliquots of 25 mM standard 
glutamate solution are added to the voltammetric cell. 


. The resulting currents are plotted in order to determine the 


endogenous concentration of glutamate. An amperogram of 
the standard addition procedure is shown in Fig. 8. 


. The reproducibility of the biosensor measurement is deduced by 


repeating the studies five times on a freshly diluted solution of 
the same serum with a fresh biosensor for each measurement. 


. The procedure is repeated using 50 pL of serum spiked with 


1.5 mM glutamate (n = 5) to determine to the recovery of the 
assay. 


. A typical amperogram is shown in Fig. 9. 
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Fig. 7 (a) Amperogram conducted with the proposed final biosensor. Each arrow represents an injection of 
3 uL of 25 mM glutamate in a 10 mL stirred solution containing supporting electrolyte; 75 mM, PB (pH 7.0), 


with 50 mM NaCl at an applied potential of +0.1 V vs. Ag/AgCl. (b) Calibration plots of five individually tested 
biosensors. The amperogram is depicted in the first calibration plot 
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Fig. 8 A typical amperogram for the determination of the glutamate content of an 
OXO cube utilizing standard addition and subsequent injections of 3 pL 
glutamate (25 mM). The first arrow represents the injection of the OXO cube 
solution, with subsequent arrows denoting injections of glutamate 
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Fig. 9 A typical amperogram for the determination of the glutamate content of 
unspiked serum utilizing standard addition and subsequent injections of 3 pL 
glutamate (25 mM). The first arrow represents the injection of the serum 
solution, with subsequent arrows denoting injections of glutamate 


1. During the drop coating procedure described in Subheading 3, 
difficulties may arise if the biosensors are allowed to dry 
completely after depositing the first layer of the biosensor. To 
ensure that this does not happen, the second layer of the biosen- 
sor must be drop-coated within 10 min of the drop-coating of 


the first layer to ensure the layer has not dried completely. If layer 
one completely dries, it forms a layer that is typically indistin- 
guishable from the original electrode ink. If this occurs, the 
procedure must be restarted using a fresh electrode, as 
subsequent layers deposited on the surface will not bind to the 


. During the operation of the biosensor it is found that modest 


stirring rates resulted in the most reliable analytical responses. 


. It should be noted that an initial charging current occurs when 


switching from open circuit to the operating potential 
(+100 mV). This charging current decreases quickly with time 


and a steady state response is obtained after 20 min 


4. When injecting the analyte of interest into the solution, injecting 
behind the biosensor reduces the likelihood of disrupting the 
diffusion layer at the surface of the working electrode. 
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Chapter 2 


An Electrochemical DNA Sensing System Using Modified 
Nanoparticle Probes for Detecting Methicillin-Resistant 
Staphylococcus aureus 


Hiroaki Sakamoto, Yoshihisa Amano, Takenori Satomura, 
and Shin-ichiro Suye 


Abstract 


We have developed a novel, highly sensitive, biosensing system for detecting methicillin-resistant Staphylo- 
coccus aureus (MRSA). The system employs gold nanoparticles (AuNPs), magnetic nanoparticles (mNPs), 
and an electrochemical detection method. We have designed and synthesized ferrocene- and single- 
stranded DNA-conjugated nanoparticles that hybridize to MRSA DNA. Hybridized complexes are easily 
separated by taking advantage of mNPs. A current response could be obtained through the oxidation of 
ferrocene on the AuNP surface when a constant potential of +250 mV vs. Ag/AgCl is applied. The 
enzymatic reaction of L-proline dehydrogenase provides high signal amplification. This sensing system, 
using a nanoparticle-modified probe, has the ability to detect 10 pM of genomic DNA from MRSA without 
amplification by the polymerase chain reaction. Current responses are linearly related to the amount of 
genomic DNA in the range of 10-166 pM. Selectivity is confirmed by demonstrating that this sensing 
system could distinguish MRSA from Staphylococcus aureus (SA) DNA. 


Key words DNA biosensor, Nanoparticle, Electrochemical detection, Magnetic separation, 
Chronoamperometry 


1 Introduction 


Contamination of food and the environment by harmful microor- 
ganisms comes serious problem. Among the contaminating micro- 
organisms, methicillin-resistant Staphylococcus aureus (MRSA), is a 
common causative agent of hospital-acquired infections, and is 
difficult to treat because of its resistance to B-lactam antibiotics 
[1]. Therefore, a quick and simple detection system for harmful 
microorganisms, including MRSA is required to determine 
appropriate treatment options. 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
DOI 10.1007/978-1-4939-6911-1_2, © Springer Science+Business Media LLC 2017 
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Conventional culture [2, 3] and real-time polymerase chain 
reaction (PCR) methods [4, 5] have been used for the detection 
of harmful microorganisms. Culture methods involve the growth of 
microorganisms on plates with specialized media that allows prop- 
agation of specific bacteria and visual enumeration of colonies. 
Detection of MRSA by culture method offer high sensitivity. How- 
ever, the time required for growth and visualization of MRSA 
colonies precludes rapid detection. Real-time PCR is expensive 
and requires a relatively large-sized device. Thus, it is unlikely to 
be practical for routine on-site analyses. 

In recent years, for the purpose of on-site analyses, a device has 
been developed for DNA sensing using an electrochemical tech- 
nique. This device has advantages such as ease of use and a compact 
size. However, many of the electrochemical methods that have 
been reported only detected a synthetic DNA fragment as the 
target [6-8]. Detecting DNA from actual clinical samples will 
require amplification of the DNA extracted from the sample or an 
improved detection system, because amount of DNA in the sample 
is extremely small. 

In the current study, we have constructed a novel DNA biosen- 
sing system using two types of nanoparticles; gold nanoparticles 
(AuNPs) and magnetic nanoparticles (MNPs) [9]. MNPs are mod- 
ified by DNA probe I conjugation and AuNPs are modified by 
DNA probe II with ferrocene derivative. In this system, whole 
target DNA (not DNA fragments) is extracted from MRSA cells. 
DNA probes I and II are complementary to the mecA gene, which 
is an MRSA biomarker. Both types of nanoparticles are hybridized 
to genomic DNA, driving conjugate formation and magnetic sepa- 
ration. These samples are measured by an electrochemical analyzer 
to obtain the oxidation current of ferrocene on AuNPs (Fig. 1). 
In order to enable measurements without amplification of target 
DNA by PCR, t-proline dehydrogenase (LPDH) [10] and L-pro- 
line are used to amplify the detection current. The catalytic reaction 
between L-proDH and L-proline produces electrons, which react 
with the oxidized form of ferrocenecarboxylic acid. As a result, the 
concentration of the reduced form of ferrocenecarboxylic acid 
increases and oxidation currents are amplified. Consequently, it is 
confirmed that L-proDH and r-proline contributed to amplification 
of the oxidation current (Figs. 2 and 3). This sensing system, using 
a nanoparticle-modified probe, has the ability to detect 10 pM 
genomic DNA from MRSA without amplification by PCR. Current 
responses are linearly related to the amount of genomic DNA in 
the range of 10-166 pM. Selectivity is confirmed by showing that 
this sensing system could distinguish MRSA from SA DNA. 
Importantly, this sensing system allows for quick detection because 
PCR is not required and requires simple equipment that can be 
used on-site. 
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Fig. 1 Schematic illustration of target DNA detection using the DNA sensing system with modified AuNPs and 
MNPs. (a) Genomic DNA was heat-treated at 95 °C for 10 min to obtain ssDNA. (b) ssDNA was incubated with 
3 uL of modified MNPs and AuNPs at 45 °C for 2 h, and (c, d) subsequently washed once for 3 min with 50 mM 
KPB (pH 6.5) followed by magnetic separation of nanoparticles. The separated conjugate was resuspended in 
10 uL of 50 mM KPB (pH 6.5). (e) Hybridization products are applied to the SPE and restabilized for 100 s. 
Current responses are measured before the application of a droplet of enzyme and substrate, and again at 
100 s following the application of a droplet 
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Fig. 2 Schematic diagram of electron transfer. Ferrocene,, is reduced by the 
catalytic reaction of L-proDH and .-proline. Thus, current responses are 
amplified because ferroceneé,eg was increased 
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Fig. 
2 Materials 
2.1 Chemicals 1. 
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3 SDS-PAGE of LPDH 


MNP-modified amine groups with an average diameter of 
100 nm are purchased from Magnabeat (Chiba, Japan). 


. AuNPs with an average diameter of 15 nm are purchased from 


British BioCell International (Cardiff, UK). 


. Dried yeast extract, tryptone, sodium chloride, dipotassium 


hydrogen phosphate, and potasstum dihydrogen phosphate 
are purchased from Nacalai Tesque (Kyoto, Japan). 


. Ferrocene carboxylic acid, L (-)-proline, ethanol, B-mercap- 


toethanol, WIDE-VIEW Prestained Protein Sizw Maker, ampi- 
cillin sodium, and dithiothreitol are obtained from Wako Pure 
Chemical Industries, Ltd. (Osaka, Japan). 


. N-[(4-maleimidomethyl) cyclohexylcarbonyloxy] sulfosuccini- 


mide sodium salt (Sulfo-SMCC) and sulfosuccinimidyl acetate 
(Sulfo- NHS-acetate) are obtained from Thermo Fisher Scien- 
tific Inc. (Rockford, IL, USA). 


. All other chemicals are of analytical grade. Deionized water 


that is filtered through a Milli-Q water purification system 
(Millipore Co., Bedford, MA, USA) is used for experiments 
in this study. 


. DNA probes targeting the MRSA mecA gene encoding methi- 


cillin resistance are purchased from Hokkaido System Science 
(Hokkaido, Japan). The sequences of the DNA probes used in 
this study are as follows: 


Probe I, 5'-SH-(CH>)6-TCTGGAACTTGTTGAGCAGAGG 
TTC-3’; 

Probe II, 5'- GCTTTGGTCTTTCTGCATTCCTGG-(CH;)3- 
SH. 


. Magnetic separation is conducted by Dynal MPC®-96S (Dynal 


Biotech, Oslo, Norway). 
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. MRSA (ATCC-70060) is obtained from ATCC”. 


10. Extraction of genomic DNA is performed using a MonoFas® 


ll. 


bacterial genomic DNA extraction kit VII (GL Science, Tokyo, 
Japan), in accordance with the instruction manual. 


Chronoamperometry experiments are performed with a Model 
800B Electrochemical Analyzer (BAS Inc., Tokyo, Japan) and a 
screen printed electrode (SP-P DEP Chip (SPE)) (Bio Device 
Technology, Ishikawa, Japan), which consist of carbon electro- 
des as the working and counter electrodes and an Ag/AgCl as 
the reference electrode. All potentials are presented in terms of 
Ag/AgCl electrode potentials. 


. Escherichia coli BL21-Codonplus® (DE3)-RIPL Competent 


Cells are purchased from Agilent Technologies (Santa Clara, 
CA, USA). 


. A plasmid vector from our laboratory encoding LPDH from a 


hyperthermophilic archaea, A. pernix, is used | 10]. 


. Preparation of Luria Broth (LB) agar medium: LB medium 


(tryptone 1% (w/v), yeast extract 0.5%, NaCl 0.5%, agar 2.0%, 
pH 7.0) is autoclaved at 121 °C for 15 min. The medium is 
cooled to about 60 °C and 20 mL poured to a petri dish with 
1:1000 volume sterile 0.5% ampicillin sodium aqueous solution. 


. Potassium phosphate buffer (KPB) (10 mM, pH 7.2) + 100 mM 


NaCl (defined as Buffer A). 

Eighty milliliters of 1 M K,HPO, and 20 mL of 1 M 
KH,PO,4 are prepared. 1 M K,HPO, is added to 1 M 
KH,PO,4 until pH 7.2. Then, 10 mL of the solution and 
5.84 g of NaCl are mixed and diluted to 1000 mL with pure 
water. 


. KPB (500 mM, pH 6.5) 


Eighty milliliters of 1 M K,HPO, and 20 mL of 1 M 
KH,PO, a prepared. 1 M K,HPOs, is added to 1 M KH3PO,4 
until pH 6.5. The solution is then diluted twofold and stored at 
4 °C. 


. Dithiothreitol 1 M (DTT) 


DTT (15.4 mg) is dissolved in 1 mL of ultrapure water at the 
time of use. 


. Methyl cyanide (MeCN) 5% (v/v)/0.1 M triethylamine Acetate 


(TEAA) 
Two and one half milliliters of 2 M TEAA and 2.5 mL of 
100% MeCN are mixed with 45 mL of ultrapure water. 


. 30% (v/v) MeCN 


15 mL of 100% MeCN is diluted with 35 mL of ultrapure 
water. 
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3 Methods 


3.1 Expression 
and Purification 

of LPDH from the 
Hyperthermophilic 
Archaeon, A. pernix 


4. Magnet nanoparticle (MNP) 


MNP-modified amino group with and average diameter of 
100 nm are purchased from Magnabeat (Chiba, Japan). 


. Au nanoparticle (AuNP) 


AuNP with an average diameter of 15 nm are purchased from 
British Biocell International (Cardiff, UK). 


. Expression of recombinant Escherichia coli by transformation 


Competent cryopreserved cells (E. coli BL21-Codonplus* 
(DE3)-RIPL) and the plasmid solution (pLPDH) are thawed 
on ice. Next, 2 uL of XL10-Gold® B-mercaptoethanol (Strata- 
gene/Agilent Tehnologies Inc., CA, USA) solution, diluted 
tenfold with purified water, is added to 100 uL of competent 
cells, and placed on ice for 10 min with stirring every 2 min. 5 ng 
of the plasmid is added and the mixture allowed to stand for 
30 min on ice. The mixture is then heated to 42 °C for 20 s, 
followed by a 2 min quenching on ice. 900 uL of Super Optimal 
broth with catabolite repression medium is then added and the 
mixture incubated for 1 h with shaking at 180 rpm at 37 °C. 
After incubation, the mixture is coated on a flat plate covered in 
LB medium containing ampicillin, and cultured overnight at 
37 Q: 


. Culture of recombinant E. coli 


Sixty grams of Overnight Express™ Instant TB Medium 
(Novagen, USA) is dissolved in deionized water and 10 mL 
of glycerol is added. The TB medium is increased to 1000 mL 
with deionized water, poured into a 2000 mL baffled Erlen- 
meyer flask, and autoclaved at 121 °C for 15 min. After cool- 
ing, the medium is added to a 0.5% ampicillin sodium aqueous 
solution (1000:1) and inoculated with recombinant E. coli. 
The medium is incubated at 37 °C with shaking at 130 rpm 
for 16h. 


. Harvesting and lysing of bacterial cells 


After completion of the culture, cells are recovered by centri- 
fugation at 5950 x g,4°C, for 10 min. The cell pellet is washed 
in 0.85% physiological saline. The cells are then suspended in 
Buffer A for five times the cell amount and lysed using a soni- 
cator (UD-201, Tomy Seiko, Tokyo, Japan). Conditions are 
two times for 3 min with the oscillation mode at 100% and an 
output value of 6 at 0 °C. The disrupted cell suspension is then 
centrifuged at 10,000 rpm, 4 °C, for 20 min. The supernatant 
containing LPDH is harvested and used as a crude enzyme 
solution. 
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3.2 Synthesis 
of Modified 
Nanoparticles 
for the Probes 


4. Heat treatment 


As LPDH from hyperthermophile A. pernix shows high ther- 
mostability [10], it is very easy to purify LPDH by heat treat- 
ment to remove contaminant protein from cell-free extract. The 
crude enzyme in Buffer A is heated in a water bath at 80 °C for 
10 min, then rapidly cooled on ice. Denatured proteins are 
removed by centrifugation at 11,600 rpm, 4 °C, for 15 min. 


. Ni-chelating chromatography (see Note 1) 


A Ni-NTA Superflow column (450 x 300 mm, id) is used. 
100 mL of 50 mM Ni aqueous solution, followed by 300 mL of 
pure water, is applied to the column. The column is then equili- 
brated with Buffer A. After applying the heat-treated enzyme 
solution, the column is again washed with Buffer A. 

Enzyme elution is performed with a linear gradient of imid- 
azole from 100 to 500 mM. Fractions are collected using a 
fraction collector. Enzymatic activity measurements and 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (Run- 
ning gel: 15% pH 8.8, Stacking gel: 3%, pH 6.8) are performed 
on each fraction. The active fractions are identified and com- 
bined (see Note 2). 


. Gel filtration chromatography 


A Sephacryl S-300 column (880 x 300 mm, id) is equili- 
brated with 10 mM KPB (pH 7.0). The enzyme solution con- 
taining 50% glycerin is applied to the column with 10 mM KPB 
(pH 7.0) as the mobile phase. Fractions are collected using a 
fraction collector. Enzymatic activity measurements and SDS- 
PAGE are performed on each fraction and the active fractions are 
identified and combined. 


. Production of AUNP/Probe II /ferrocene conjugates 


Commercial thiolated probes are modified with a protecting 
group to prevent disulfide bond formation between the probe 
molecules. The protecting group is removed by adding 500 pL 
of 0.1 M DTT to the thiol probe in the dry state for 30 min at 
room temperature. Columns (Sep-Pak® Light C18 Cartridges, 
13 x 4mm, id) are equilibrated and washed with 5 mL of 100% 
MeCN and 5 mL of 2 M TEAA (pH 7.0) using a syringe. Then, 
250 uL of deprotected thiol probe solution is added to 750 pL 
of ultrapure water, and passed through the column using a 
syringe to allow adsorption of the probe. The column is then 
washed with 5 mL of the 5% MeCN /0.1 M TEAA solution and 
10 mL of ultra-pure water. 10 mL of 30% MeCN is then applied 
slowly and the deprotected thiolated probe is collected. Finally, 
the solvent is removed by lyophilization and the probe obtained 
for use in subsequent experiments. 

AuNPs are conjugated with Probe II by first mixing 1 mL of 
AuNPs, 4 nmol of Probe II, and 400 pL of 1 mM 11-ferrocenyl- 
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3.3 Electrochemical 
DNA Sensing System 
Using Modified 
Nanoparticle Probe 


l. 


l-undecanethiol (Dojindo, Kumamoto, Japan) in ethanol, fol- 
lowed by incubation at 25 °C for 48 h under light shielding. 
Unconjugated Probe II and 11-ferrocenyl-1-undecanethiol 
molecules are removed by centrifugation at 15,000 x g for 
30 min followed by washing with 1 mL of TE (Tris-EDTA) 
buffer (pH 8.0). The sediment obtained is resuspended in 
100 uL of TE buffer and stored at 4 °C until further use. 


. Production of MNP/Probe I conjugates 


To conjugate MNP to Probe I, 1 mg of MNPs with modified 
amine groups is incubated for 2 h with 300 pg of sulfo- 
sulfosuccinimidyl 4-( N-maleimidomethy]l)cyclohexane- l-car- 
boxylate in 100 mM phosphate buffered saline (PBS) (pH 
7. 2) containing 200 mM NaCl. Subsequently, MNPs are 
separated magnetically and washed three times in 100 mM 
PBS (pH 7.2) for 3 min. The washed conjugates are resuspended 
in 1 mL of 100 mM PBS (pH 7.2) and incubated with 5 nmol of 
probe I for 8 h. This is followed by washing three times with 
100 mM PBS (pH 7.2). The sediment obtained is resuspended 
in 1 mL of 3 mM sulfo- N-hydroxysulfosuccinimide acetate as a 
blocking buffer. The MNP/probe I conjugate is washed three 
times with 100 mM PBS (pH 7.2), resuspended in 200 uL of 
10 mM PBS (pH 7.4) containing 200 mM NaCl, and stored at 
4 °C until further use. 


DNA hybridizations 

DNA probes are complementary to the mecA gene, which is 
an MRSA biomarker. Both types of nanoparticles are hybridized 
to genomic DNA, driving conjugate formation and magnetic 
separation (see Note 3). Genomic DNA is heat-treated at 95 °C 
for 10 min to obtain ssDNA. ssDNA is incubated with 3 uL of 
modified MNPs and AuNPs at 45 °C for 2 h, and subsequently 
washed once for 3 min with 50 mM KPB (pH 6.5) followed by 
magnetic separation of nanoparticles. The separated conjugate is 
resuspended in 10 pL of 50 mM KPB (pH 6.5) (see Note 3). 


. Electrochemical measurements 


The hybridized products are measured by an electrochemical 
analyzer to obtain the oxidation current of ferrocene on AuNPs. 
Fifteen microliters of KPB (50 mM, pH 6.5) is dropped at 
+250 mV on a Screen Printed Electrode (SPE: Bio Device 
Technology, Ishikawa, Japan), then applied potential set at 
+250 mV vs. Ag/AgCl and left to stabilize the current. Hybri- 
dization products are applied to the SPE and restabilized for 
100 s. Then, 2 pL each of 100 mM -proline and 342 M LPDH 
is added. Current responses are measured before the application 
of a droplet of enzyme and substrate, and again at 100 s follow- 
ing the application of a droplet (Fig. 4a). 
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y = 0.0173x + 0.102 
R?= 0.99011 
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Fig. 4 (a) Chronoamperometry of hybridization products. The arrowed line indicates when L-proDH and -proline 
were injected, after which oxidation currents were immediately observed. (b) Quantification of the DNA from 
MRSA based on current response. The error bars show standard deviations of triplicate experiments (n = 3) 


Table 1 
Purification of LPDH from recombinant cells 


Total Total Specific activity Fold Yield 
Steps activity (units) protein (mg) (units/mg) purification  (%) 
Crude extract 65.1 651 0.100 — — 
Heat treatment 63.2 121 0.524 5.24 97.1 
Ni-NTA Superflow 54.0 60.4 0.894 8.94 82.9 
Sephacryl S-300 55.2 59.1 0.934 9.34 84.8 


4 Notes 


1. Purification of LPDH 
Recombinant of LPDH is purified to homogeneity through 
heat treatment and two column chromatography steps. 


2. SDS-PAGESDS 
Using SDS-PAGE, the size of LPDH is estimated to be 
47 kDa, indicating the enzyme has a homodimeric structure. 
The enzyme is of sufficient purity for use in electrochemical 
measurements. 


3. This sensing system using a nanoparticle-modified probe has the 
ability to detect 10 pM genomic DNA from MRSA without 
amplification by PCR. Current responses are linearly related to 
the amount of genomic DNA in the range of 10-166 pM 
(Fig. 4b). Selectivity is confirmed by showing that this sensing 
system could distinguish MRSA from SA DNA (Table 1). 
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Chapter 3 


Electrochemical Lateral Flow Paper Strip for 
Oxidative-Stress Induced DNA Damage Assessment 


Jared Leichner, Mehenur Sarwar, Amirali Nilchian, Xuena Zhu, 
Hongyun Liu, Shaomin Shuang, and Chen-zhong Li 


Abstract 


The phrase “oxidative-stress induced DNA damage” is commonly used in both the scientific literature and 
common media outlets, and is frequently linked to detrimental elements of aging as well as the onset of 
illnesses. Due to the growing focus on this topic, a clear need has emerged to develop a quantitative, low- 
cost methodology to allow for periodic monitoring of oxidative-stress induced DNA damage within 
individuals. Recent literature examining the link between oxidative stress and the onset of various cancers 
has made monitoring an even more pressing need. The mechanism of oxidative-stress induced DNA 
damage originates in chronic inflammation, which in turn activates various transcription factors and diseases 
that influence the onset of tumor development, chemoresistance, radioresistance, and other harmful cellular 
processes. While current technologies that aim to provide quantitative metrics require extremely expensive 
equipment and significant technical expertise, our laboratory has designed a low-cost methodology utiliz- 
ing a combination of carbon nanotubes, paper electrodes, and immunochromatographic strips. 


Key words ROS, DNA oxidative damage, Cancer, 8-OHdG, Lateral flow immunosensor, Paper strip, 
Carbon nanotubes, Chronoamperometric, Colorimetric 


1 Introduction 


1.1 Oxidative Stress- To understand the origin of oxidative stress-induced DNA Dam- 
Induced DNA Damage age, it is essential to begin with a discussion of oxidative stress. 
When natural antioxidants within the body fail to maintain the 
balance between production and neutralization of the reactive oxy- 
gen species (ROS), the resultant condition is called oxidative stress 
[1]. ROS are identified as both necessary and harmful molecules, 
with prototypical examples of these molecules being superoxide 
anion, hydroxyl radical, and hypochlorite ion. These species are 
utilized by the thyroid gland to synthesize a hormone called thy- 
roxine. Inside the immune system, cells such as macrophages and 
neutrophils use ROS to kill bacteria by phagocytosis. Under normal 
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Fig. 1 This is an example of the mechanism by which oxidative damage can cause accumulative stresses that 
lead to cancer and other forms of cellular damage. We demonstrate how this molecular mechanism can 
contribute to the 8-OHdG production 


physiological conditions ROS are produced and controlled by 
enzymes such as superoxide dismutase, catalase and vitamins such 
as vitamin E and C. Overproduction of these ROS can occur 
through numerous mechanisms such as exposure to ultraviolet or 
ionizing radiation or through ingestion of inflammatory agents 
such as through tobacco smoking. It is clear that while these 
reactive species have a positive effect in the human body, they can 
be easily overexpressed and underregulated under certain 
conditions. 

Elevated levels of ROS can lead to diseases such as diabetes, 
cancer, or neurodegenerative diseases [2]. The figure below 
demonstrates ways in which potential damaging agents can interact 
with cells to create cell-specific mutations (Fig. 1). These agents, 
such as X-rays, oxygen radicals, and UV light can lead to the 
development of disease conditions and directly damage DNA. 

Our immune system, with the help of antioxidants and DNA 
repair mechanisms, helps balance the damage caused by the agents 
previously described. Examples of antioxidants include vitamin C, 
vitamin A, and vitamin E. The various DNA mechanisms that exist 
to help detect and repair any problems caused by the damaging 
agents include base excision repair (BER) for single stranded 
breaks, recombination repair (RR) for double strand breaks, 
nucleotide-excision repair (NER) for when bulky adducts cause 
the formation of abnormal DNA, and finally by mismatch repair, 
to handle when adenine and guanine bond instead of the typical 
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1.2 Typical 
Analytical Detection 
Techniques 


adenine—thymine pair. When the body fails to maintain this balance 
due to high concentrations of damaging agents, various problems 
can occur including cell cycle arrest, apoptosis, and mutation in 
chromosomes. These mutations may also activate certain genes and 
can push the cell cycle towards uncontrolled cell division and hence 
cancer. 

The mechanisms that connect ROS and cancer onset originate 
in the process of chronic inflammation [3]. The inflammation of 
affected tissue activates a number of transcription factors, including 
Nrf2, B-catenin/Wnt, p53, and AP-1. The activation of these 
factors upregulates the activity of numerous genes, such as those 
for growth factors, cell-cycle regulatory molecules and chemokines. 
This pattern can be witnessed in pathologies such as Crohn’s 
disease, where chronic inflammatory bowel disease puts patients 
at a far higher risk of colon adenocarcinoma. Due to the powerful 
and scientifically validated downstream effect of ROS on cancer, 
our laboratory has decided to focus on cancer detection through 
analysis of oxygen radicals. 

Measuring the presence and danger imposed by these free 
oxygen radicals can conveniently be performed through the detec- 
tion of 8-oxo-2'-deoxyguanosine (8-OHdG). Until now, the mea- 
surement of 8-OHdG has been done solely through complicated 
analytical techniques. The experimental diagram below demon- 
strates the production of 8-OHdG from 2’-deoxyguanosine (2'- 
dG) through the application of oxygen radicals. 

During the process of DNA repair discussed previously, endo- 
nuclease and glycosylase enzymes participate to cleave oxidized 
guanine. This cleaved molecule is water soluble in nature, and 
hence can be excreted into the urine without being metabolized 
any further. Thus, urinary 8-OHdG is considered to be an impor- 
tant biomarker of generalized, cellular oxidative stress and reflects 
the ‘whole body’ repair capacity. Specifically, 8-OHdG formation 
from 2'-dG can be used to measure and monitor ROS levels, and 
there is a great need to find quantitative detection methods that are 
faster, less costly, and less labor intensive than currently available 
techniques. Quantitative assessment of ROS levels can be extremely 
useful in providing pre-symptomatic indications of disease. 


The measurement of 8-OHdG up until this point has been done 
solely through complicated analytical techniques such as high per- 
formance liquid chromatography (HPLC), electrochemical detec- 
tion (ECD)/(HPLC-ECD) [3], mass spectrometry (MS) /(HPLC- 
MS) [4], gas chromatography (GC)/(GC-MS), capillary electro- 
phoresis (CE)/(CE-ECD), and enzyme-linked immunosorbent 
assay (ELISA). The combination of HPLC and ECD provides an 
accurate quantification method for electrochemically active com- 
pounds. ECD has been shown to have three orders of magnitude of 
sensitivity in excess of UV detection [5]. MS works through 
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1.3 Reducing the 
Cost of Detection: 
Electrochemical 
Biosensors 


ionization of chemical compounds and generates resultant charged 
molecules of either positive or negative charges. Experimental 
results have demonstrated a wide range of detection between 0.5 
and 25 ng/mL using HPLC tandem MS [6, 7]. However, its cost 
and technical expertise requirements make it difficult for smaller 
facilities to own. GC is often combined with MS, but together they 
are a lengthy and expensive process | 8 ]. Capillary electrophoresis is 
also a very effective method for separating mixtures, and can some- 
times be combined with ECD to improve the sensitivity of the 
analysis [9]. Finally, ELISA is an extremely sensitive test which is 
used to detect specific antigens. ELISA can also be combined with 
other analytical measurement techniques such as MS to improve its 
sensitivity [10, 11]. 


The invention of the first enzymatic electrochemical biosensor is by 
Sir Leland C. Clark, who used immobilized glucose oxidase for the 
fabrication of an enzyme electrode and presented it at the New York 
Academy of Sciences Symposium in 1962. Since then, many bio- 
sensors have been fabricated and commercialized. These biosensors 
use various electrical characteristics in their design, and can be 
broadly classified as potentiometric, amperometric, and impedi- 
metric, as well as combinations of these techniques. 

Typically, three types of electrodes are used in an electrochemi- 
cal cell, the working electrode (WE), the reference electrode (RE), 
and the counter electrode (CE). Gain or loss of electrons (Redox) 
takes place at the site of the WE. Usually, this is the electrode which 
remains in contact with the working solution. An important feature 
of this WE is that it must be electrochemically inert over a wide 
range of potentials. REs, typically made of silver/silver chloride, 
maintains stability in potential against the potential of WE. The 
third type of electrode, CE, is usually in the form of a platinum 
wire, and acts as a separate platform for a redox reaction to occur. 
This separate redox reaction balances the redox reaction occurring 
at the surface of the WE. The main advantage of this electrode is 
that in the presence of the CE a sufficient current into the solution 
can be produced without requiring excessive voltage or creating a 
nonuniform current distribution on the WE. 

Our laboratory has studied the detection of 8-OHdG exten- 
sively in recent years and we have developed novel platforms to 
optimize the quality and sensitivity of our detection system 
[12-14]. Utilizing activated carbon fiber microelectrodes within a 
lateral flow immunoassay, we can now measure cellular 8-OHdG in 
real-time, utilizing single wall carbon nanotubes (SWCNTs) from 
the surface of a single cell. Our substrate of interest, 8-OHdG, has 
redox properties and can be detected by an electrochemical method 
since it is formed by an oxidation reaction via a two-electron 
two-proton charge transfer reaction (Fig. 2). This electrochemical 
property has been well characterized for quantitative measurement. 


Electrochemical Lateral Flow Paper Strip for Oxidative-Stress Induced. . . 27 


N 
X Oxygen HN 
N Radical 


2'-dG 


— HN N 
Reduang Agent-O, 
Metal-O, HOH,C o 
Asbestos-H,0, 
Polyphenol-Fe*-H,0, 
X-ray 


OH 8-OH-dG 


(H.Kasa, Environmental Mutagen Research 10 pp73-78, 1983) 


Fig. 2 Formation of 8-OHdG by oxygen radicals 


1.4 Combined 
Methodologies: 
Electrode Integrated 
Lateral Flow 
/mmunosensor 


Figure 3 demonstrates the basic principle behind the quantita- 
tive detection of 8-OHdG. The assay begins by applying a known 
concentration of 8-OHdG to the application pad (Fig. 3a). The 
capillary action helps the sample to move forward and to rehydrate 
the area where AuNP-anti-8-OHdG is sequestered. An immunor- 
eaction takes place, forming AuNP-anti-8-OHdG-8-OHdG com- 
plex. These complexes further move along the strip (Fig. 3b) and 
reach the test zone. When AuNPs accumulate on the test zone, a 
color change of the strip test zone can be noticed. A positive test is 
demonstrated by red color formation, which can be seen by the naked 
eye (Fig. 3c). AuNPs which are bound only to antibodies and not with 
the 8-OHdG get eliminated by the BSA-8-hydroxyguanosine and is 
immobilized in the control line, never reaching the test zone 
(Fig. 3d). A current vs time plot can be achieved by using a chron- 
oamperometric setup with an electrochemical analyzer at exactly 
10 min after application of the sample (Fig. 3e). Qualitative data can 
also be obtained by using a scanner, which can detect signals of color 
intensities. The color intensity is proportional to the amount of 
AuNPs present in the test zone. This numerical value is inversely 
proportional to the concentration of 8-OHdG in the sample solution. 


Electrode integrated lateral flow sensors and lateral flow immuno- 
sensors are both extremely useful for rapid biological measurement 
assays due to their ease of use and small sample size requirements. 
However, combining these two methodologies presents additional 
benefits. Our protocol provides two separate measurements, color- 
imetric and chronoamperometric, which aid in improving the con- 
fidence of the final result. This is akin to the use of two separate 
fluorescent tags during immunofluorescent staining when attempt- 
ing to identify a cell type. Since the two methods differ in their 
signal transduction and detection strategies, we can avoid the pos- 
sibility of false positive or false negative results originating from a 
single method. Finally, the placement of these two sophisticated 
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Fig. 3 Mechanism of quantitative detection of 8-OHdG 
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techniques on a paper strip allows their use in point of care (POC) 
settings, where expensive scientific equipment is unaffordable and 
where simplicity, low cost and portability are needed. 

To describe the advantages and disadvantages of this combina- 
tion in further detail, it is important to understand the limitations 
of the immunosensor and the electrode approach to 8-OHdG 
detection. Our immunosensors utilize gold nanoparticles to assist 
in signal amplification, and while the test can be performed using a 
machine such as a reflectometer or even the human eye, it can be 
prone to inaccurate results depending on the sample environment 
and is thus far more difficult to utilize on real patient samples than 
with stock solutions. Additionally, the precision of the assay 
depends on the availability of antibodies to adsorb onto the surface 
of the gold nanoparticles, which itself relies on hydrophobic and 
ionic interactions. A sample which would react poorly with our 
lateral flow immunosensor would have a high ionic strength, a 
high urea concentration or a low pH, which would accelerate the 
resultant dissociation of the antibody-gold nanoparticle complex 
and thus interrupt the measurement procedure. A patient who is 
simply dehydrated can invalidate the entire protocol. 

To overcome these drawbacks of immunostrip assays, electro- 
chemical methods are used. To achieve this, we have integrated 
carbon nanotubes (CNTs), paper electrodes, and immunochroma- 
tographic strips in the format demonstrated in Fig. 3. The structure 
of the new design is similar to that of the traditional lateral flow 
strip. Two electrodes are integrated into the original strip design to 
carry out the electrochemical detection function. CNT-embedded 
conductive paper is used as the working electrode. The CNTs paper 
is placed on the control line with the sensing surface facing down, 
and its extension beyond the strip is laminated with a silver plated 
copper wire and connected to an electrochemical analyzer. Ag/ 
AgCI ink painted copper paper is placed at a 1 mm distance from 
the CNTs paper on the side farthest from the absorption pad to 
serve as the reference /counter electrode. Finally, the entire strip is 
laminated in order to ensure complete contact between the sample, 
membrane, and electrodes. 

Electrochemistry is an appealing methodology because the 
precision of the signal transduction process does not rely on the 
conjugation of antibodies and is therefore still reliable when envi- 
ronmental conditions alter the binding and dissociation rates of 
nanoparticle—antibody complexes. Electrochemistry also has a 
drawbacks, though, ironically due to its high specificity. While the 
electrochemical method does responds only to 8-OHdG mole- 
cules, the ability of antibodies to bind to specific molecular epitopes 
allows them to respond not only to the 8-OHdG molecule but also 
to short nucleotide sequences carrying 8-OHdG. This capability 
allows the antibody method to be slightly more sensitive in detect- 
ing 8-OHdG due to the added capability of detecting these small 
nucleotide sequences. 
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2 Materials 


2.1 Preparation of 
the Immunochromato- 
graphic Strip 


2.1.1 Formation of the 
AuNPs 


8-OHdG levels through this platform are thus determined 
through a combination of chronoamperimetric and colorimetric 
measurement techniques [8]. The chronoamperimetric measure- 
ments are performed using a CHI 660C electrochemical analyzer. 
10 min after the 8-OHdG-spiked urine samples are applied to the 
sensor strip, simultaneous chronoamperimetric measurements (at a 
fixed voltage of 0.42 V for 20 s) and photographic measurements 
(utilizing a digital scanner) are performed. ImageJ software is used 
to quantify the color intensity of the test lines and chronoamperi- 
metric measurements are expressed based on the mean and stan- 
dard deviation of three trials. 

The combined methodology is able to provide a detection limit 
of 2.07 ng/mL with only 10 min to complete the assay. Our 
methodology has demonstrated that it is possible to take the 
expensive machinery used in analytical electrical or immunological 
detection strategies and miniaturize it into a convenient paper strip 
apparatus. Additionally, we have proven that following miniaturiza- 
tion, it is possible to combine the methodologies to provide a more 
thorough snapshot of biological processes. Over the past 5 years, 
our technique has evolved into a multimodal measurement method 
that is not only low cost but also robust. Future work may include 
an integrated wireless platform to allow for remote bio-sensing, 
storage, and tracking. 


AuNPs ae produced by a modified citrate production method 
utilizing: 

e Zetasizer, Nano series (Malvern Instruments, Woodstock, GA). 
e Analytical balance is bought from Amazon vendor. 


e 220 Mini Hotplate/Magnetic Stirrer is bought from Amazon 
vendor. 


e Thermometer and stand/holder is bought from Amazon 
vendor. 


e 10 mL graduated cylinder is bought from Thermo Fisher 
scientific. 


e 250 mL graduated cylinder is bought from Thermo Fisher 
scientific. 


e 250 mL Erlenmeyer flask is bought from Thermo Fisher 
scientific. 


e 1 Ldark bottle is bought from Thermo Fisher scientific. 
e HAuCl, is bought from Sigma-Aldrich (St. Louis, MO). 


e Trisodium citrate dihydrate is bought from VWR (West 
Chester, PA). 
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This method utilized the following prepared stock solutions: 


2.2 Conjugation of ° 


Ab-Au NP 


2.3 Conjugation 
of BSA-8- 
Hydroxyguanosine 


2.4 Inoculation of ° 


Solution into Glass 
Fiber Pad: 


0.01% Gold chloride trihydrate (HAuCl4-3H20). 


— 0.1 g of chloride trihydrate crystal (HAuCl4-3H,0 FW 
393.83) in 1 L of DI water. 


1% Trisodium citrate (C6Hs5Na307-2H20). 


- 0.5 g tri-sodium citrate dihydrate powder (LOT: 
K91300046, EMD Chemicals Inc., Darmstadt, Germany) 
in 500 mL of DI water. 


Au NPs (prepared in-house by using materials mentioned in 
Subheading 2.1). 


Mouse monoclonal antibodies to 8-hydroxyguanosine and poly- 
clonal goat anti Mouse IgG is purchased from Abcam (Cam- 
bridge, MA). 

Potassium carbonate, K,CO3 is purchased from Sigma-Aldrich 
(St. Louis, MO). 


Bovine serum albumin (powder) is purchased from Sigma- 
Aldrich (St. Louis, MO). 


Phosphate buffered saline (PBS, 1x, PH = 7.4) is purchased 
from VWR (West Chester, PA). 


Sodium borohydride (NaBH4) is purchased from Sigma- 
Aldrich (St. Louis, MO). 


8-hydroxy guanosine is purchased from Cayman Chemical (Ann 
Arbor, MI). 


Sodium periodate (NaIO,) is purchased from Sigma-Aldrich 
(St. Louis, MO). 

Ethylene glycol is purchased from Sigma-Aldrich (St. Louis, 
MO). 

Bovine serum albumin (powder) is purchased from Sigma- 
Aldrich (St. Louis, MO). 


Phosphate buffered saline (PBS, 1X) is purchased from VWR 
(West Chester, PA). 


Potassium carbonate, K,CO3 is purchased from Sigma-Aldrich 
(St. Louis, MO). 


Sodium borohydride (NaBH4) is purchased from Sigma- 
Aldrich (St. Louis, MO). 


Ab-Au NPs (prepared in-house by using materials mentioned in 
Subheading 2.2). 


Two types of glass fiber pad (6 mm x 5 mm, 6 mm x 16 mm) 
are acquired from Millipore (Billerica, MA). 
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2.5 Assembly and 
Construction of the 
Strip: 


2.6 Fabrication of 
CNT Conductive Paper 
Integrated 
Immunostrip 


2.7 Standard 
Solution Preparation 
for Spiked Samples 


3 Methods 


3.1 Preparation of 
the Immunochromato- 
graphic Strip 


e Sodium chloride (NaCl) is purchased from Sigma-Aldrich 
(St. Louis, MO). 


e Tris-HCl (1 M) is purchased from Fisher Scientific 
(Fairlawn, NJ). 


e Triton X-100 is purchased from VWR (West Chester, PA). 


e BSA-8-hydroxyguanosine conjugates (prepared in-house by 
using materials mentioned in Subheading 2.3). 


e Goat anti-mouse IgG is purchased from Abcam (Cambridge, 

e Linomat 5 dispenser is purchased from CAMAG (Wilmington, 
NC). 

e Nitrocellulose membrane (30 mm x 10 cm) is acquired from 
Millipore (Billerica, MA). 

e The adhesive backing plate is acquired from Millipore 
(Billerica, MA). 


e CNT conductive paper, 2 mm width is bought from Buckeye 
Composites. 


e Silver/silver chloride conductive ink is obtained from Conduc- 
tive Compounds, Inc. (Hudson, NH). 


e The silver conductive adhesive paste is purchased from VWR 
(West Chester, PA). 


e Laminator is bought from Office Depot. 


e A stock solution of 8-hydroxy-2-deoxy guanosine (8-OHdG, 
500 pg/mL)—dissolved in purified PBS, stored at 4 °C. 8- 
OHdG is purchased from Cayman Chemical (Ann Arbor, MI). 


e Urine samples are collected from drug-free healthy volunteers 
within the department following the protocol approved by both 
Florida International University (FIU) and the Telemedicine 
and Advanced Technology Research Center |TATRC] institu- 
tional review boards (IRB). 


e Whatman No. | filter paper is bought from Sigma-Aldrich (St. 
Louis, MO). 


The four main components of immunochromatographic strip are 
the sample loading pad, conjugated pad, nitrocellulose membrane 
and absorption pad. These components are combined on a plastic 
backing plate to make a complete test strip. 
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3.1.1 Formation of the Au 
NPs 


3.1.2 Conjugation 
of Ab-Au NP 


(a) 


HAuCl4 (50 mL, 0.01%) is added to an Erlenmeyer flask 
(250 mL), stirred and brought to a boil on a hotplate. The 
temperature is stabilized between 92 and 100 °C (Note 1). 


Trisodium citrate solution (1 mL, 1%) is added rapidly to the 
boiling solution under constant stirring. 


Gradually, the color changes from pale yellow to dark blue and 
continues to a dark violet and finally to a wine red. This 
corresponds to the diameter size of AUNPs 


Continue boiling for 10 min before removing from heat. 
Stir the colloidal solution for an additional 10 min. 

Use the Zetasizer to characterize the AuNPs. 

Store the AuNPs in a dark bottle. 


The AuNPs solution is concentrated 5 x 


The pH of the AuNPs solution is adjusted to pH 8.5 ~ 9.0 


Purified anti-8-OHdG mAb (60 uL, 0.54 mg/mL) is added to 
the AuNPs solution (750 pL, 5x). The method for optimal 
antibody labeling concentration determination is followed 
from Zhao. et al. [12]. 


e The AuNPs are synthesized by a modifi ed citrate reduction 
method. 


e Briefly, HAuCl 4 solution (50 mL, 0.01% in superpurifi ed 
water) is heated to a boil, and then trisodium citrate solu- 
tion (1 mL, 1%) is added rapidly under constant stirring. 


Gradually, the color changes from pale yellow to bright red 
(Note 2). 


This solution is then stirred gently at room temperature 


for 1 h. 


The conjugate is stabilized by adding BSA (90 uL, 10%) in 
sodium borate (20 mM) for a final concentration of 1%. 


This mixture is then incubated for 20 min. 


e After 20 min of incubation, the liquid is centrifuged for 
15 min at 7000 rcf. At this stage a clear to pink supernatant 
of unbound antibodies and a dark red, loosely packed 
sediment of the AuNPs-Abs conjugates is found. The 
supernatant is discarded and the pellet is resuspended in 
BSA/PBS (900 pL, 1%) (Note 3). 


The centrifugation step is repeated. After removal of the super- 
natant, the soft sediment of conjugates is resuspended in buffer 
(900 uL), containing sodium phosphate (20 mM), Tween 20 
(0.25%), sucrose (10%), and BSA (5%). Finally, the Ab-AuNP 
conjugates are stored at 4 ° C until required for use. 
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3.1.3 Conjugation of 
BSA-—8-Hydroxyguanosine 


3.1.4 Inoculation of 
Solution into Glass 
Fiber Pad 


3.1.5 Assembly and 
Construction of the Strip 


(a) 8-hydroxyguanosine (5 mg) is dissolved in NalO, 
(1 mL, 50 mM). 


(b) The mixture is incubated for 1 h in the dark. 


(c) The reaction is stopped by adding ethylene glycol (2.5 uL) for 
5 min. 


(d) Then the mixture is mixed with BSA (2 mL, 25gL7', 
p“ = 9.5, adjusted by KCO; (50gL~')) under constant 
stirring dropwise and incubated for another 1 h. 


(e) After that, NaBH 4 (2 mL, 24 g/L) is added. 


(f) The mixture is incubated in the dark at 4 °C overnight 
(12-16 h). 

(g) Finally, the conjugates are dialyzed against 1X PBS and stored 
at —20 °C. 


25 mL of the Ab—Au NPs mixture is dispensed using a pipette onto 
a glass fiber pad (6 mm x 5 mm), which is dried at room tempera- 
ture and stored in desiccators at 4 °C before use. 

The sample loading pad (6 mm x 16 mm) is made from glass 
fiber and soaked in a buffer containing 0.15 mM NaCl, 0.05 M 
Tris-HCl and 0.25% Triton X-100. The pad is dried in an oven for 
20 min at 50 °C and stored in desiccators at room temperature. 


The Test (T) Line: 


BSA-8-hydroxyguanosine conjugates are used as the test line (T) 
capture reagent. 


The Control (C) Line: 


Goat anti-Mouse IgG (1 mg/mL) are used as the control line (C) 
capture reagent. 


(a) T and C capture reagents are dispensed by the Linomat 5 
dispenser at different locations on a nitrocellulose membrane 
(30 mm x 10 cm) as the test and control lines (separation 
distance is 13 mm). 


(b) The membrane has been mounted onto the adhesive backing 
plate in advance. 


(c) The prepared plate (with nitrocellulose membrane and 
absorption pad) is cut into 6 mm wide strips using a strip 
cutter and stored at 4 °C until use. 


(d) Finally, all other parts are assembled on the adhesive backing 
layer. Each part overlaps 2 mm to ensure the solution migra- 
tion through the strip during the assay. 
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Fig. 4 Electrode integrated lateral flow paper strip design 


3.1.6 Fabrication of CNT The lateral immunosensor flow strip developed in the previous 


Conductive Paper 


protocols is now upgraded for electrochemical functionality. The 


Integrated Immunostrip detailed structure of the strip can be seen in Fig. 4. 


(a) CNT Conductive paper is used as the working electrode, 
acquired in 2 mm width 


(b) CNT paper is placed on the control line of the immunosensor 
strip, face down. 


(c) The extension of CNT paper is laminated beyond the immu- 
nosensor strip with silver plated copper wire for connection to 
the chemical analyzer. A regular thermal laminating sheet is 
used for the fabrication of the immunostrip. 


(d) A4mm wide strip of silver/silver chloride ink painted copper 
is placed 1 mm from the CNT paper on the side farthest from 
the absorption pad and served as a counter/reference elec- 
trode. The wire and the CNT paper are put between the 
laminating sheets to laminate both items together. 


(e) The entire strip is then laminated to ensure complete contact 
between the sample, membrane, and electrodes. 


3.1.7 Standard Solution (a) A stock solution of 8-OHdG (500 pg/mL) is prepared by 


Preparation for Spiked 
Samples 


dissolving of 8-OHdG powder in purified PBS (1x) and is 
stored at 4 °C. 

(b) Working standards ranging from 1-1000 ng/mL {0, 1, 
10, 20, 50, 80, 100, 150, 200, 1000} are prepared before 
each use. 
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3.1.8 Coupled 
Chronoamperometric and 
Colorimetric 
Measurements of 8-OHdG 


Bland urine samples from healthy volunteers are collected, 
filtered through Whatman No. 1 filter paper and stored in 
frozen (—20 °C) 4 mL aliquots until analysis. 


Before use, urine samples are thawed and centrifuged at 
7000 rcf for 10 min to remove precipitates. 


Supernatant is collected and diluted 10x with PBS to mini- 
mize variation caused by other urine components. The urine 


samples are serially spiked with various working standards of 8- 
OHdG. 


Electrochemical Analyzer CHI 660C or portable analyzer is 
connected to a PC. 


Conductivity between reference and working electrodes is 
tested using 100 uL of spiked urine sample or using a standard 
solution. 


10 min following application of sample, chronoamperometric 
measurements are performed at a fixed potential, 0.42 V, anda 
sample duration of 20 s. 


Simultaneously, the strip is photographed using a digital scan- 
ner and the resultant image analyzed through ImageJ. As a 
reference, Fig. 5a has been included, which represents the 
color scheme that appears at different concentrations of the 
working standard. Also, an analytical curve demonstrating a 
linear relationship between color formation and concentration 
has been provided in Fig. 5b. 


Functionality of the electrodes is confirmed before applying to 
the sensor. This is done by setting up electrochemical charac- 
terization experiments. To determine the electrochemical 
behavior of the CNT conductive paper, a potassium ferricya- 
nide /ferrocyanide (K3Fe(CN)6/K,Fe(CN).) mixture is used. 
The solution is prepared by dissolving each of the compound 
in PBS (1X) buffer to make 100 mM strength of potassium 
ferricyanide /ferrocyanide (K3Fe(CN)6/K4Fe(CN).). The 
working solution is prepared by diluting the stock at different 
concentration. 


Following this validation testing, chronoamperometric analy- 
sis could proceed. Following chronoamperometry, the peak 
current of the square root of the scan rate is studied. Figure 6 
also demonstrates that the anodic and cathodic peak currents 
are directly proportional to the square root of the scan rate 
(v'/*) between 10 and 200 mV _*. This linear response of the 
system proves that the mass transfer in this system is a diffusion 
controlled process, similar to the behavior of traditional three- 
electrode based electrochemical cells. 
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Fig. 5 (a) Colorimetric results represented by a color bar. Different concentrations of the working solutions 
create a range of color intensities. Intensity of the color is inversely proportional to the concentration of 8- 
OHdG. (b) Concentration (log scale) vs normalized intensity graph demonstrates a linear response 


(g) Examining the actual results of chronoamperometry, shown in 
Fig. 7, it becomes immediately apparent that the current each 
trial equalizes to after 15 s is linearly proportional to the 
concentration of 8-OHdG. This standard curve can then be 
used to calculate the concentration of 8-OHdG in unknown 
samples. 


4 Notes 


The protocol is straightforward and relatively simple to follow for 
much of the chemistry involved in molecular fabrication. A few 
essential notes to consider include: 


1. Gold chloride trihydrate and tri-sodium citrate dihydrate 
should be stored in a dark bottle in room temperature. 


2. It is absolutely essential to add the trisodium citrate quickly in a 
single step (as opposed to drop-by-drop) during the AuNP 
synthesis step to maintain the desired nanoparticle size. 
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Fig. 6 Cyclic Voltammetry of CNT conductive paper with potassium ferricyanide/ferrocyanide solution. The 
peak shape demonstrates a typical electrochemical reaction with no visible nonspecific reactions. This 
experiment verifies that the electrodes are functional. A consistent electron transfer was maintained 


a) ee E 7 b) [8-OHdG] [ng mL*] 
> - 0 20 40 60 80 100 120 140 160 























i 
T = 4 y = -0.0564x - 1.3803 
= — R? = 0.9694 
+ -A0 E $ 
[= (e 
o = -8 Bi 
= é y = -0.0895x - 1.2215 fe 
O 60 20 ng/mL -10 sla E. 
-=-= 50 ng/mL 
S -- -80 ng/mL mta ® 8-OHdG standard 
se « Spiked urine sample 
100 ng/mL “14 Linear (8-OHdG standard) $ 
=== 150 ng/mL A --- Linear (Spiked urine sample) 
-100 


Fig. 7 Results from chronoamperometry demonstrate a strong linear relationship between the current 
measured and the concentration of 8-OHdG applied. These results hold true for both standard working 
solutions as well as spiked urine samples, with a correlation of nearly 0.97 


3. When the AuNPs-Abs pellet is formed through centrifugation, 
be extremely careful during handling since detachment of part 
of the loose sediment will significantly reduce the overall yield 
of the process. 
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Chapter 4 


Application of a Nanostructured Enzymatic Biosensor 
Based on Fullerene and Gold Nanoparticles to Polyphenol 
Detection 


Cristina Tortolini, Gabriella Sanzo, Riccarda Antiochia, Franco Mazzei, 
and Gabriele Favero 


Abstract 


Electrochemical biosensors provide an attractive means of analyzing the content of a biological sample due 
to the direct conversion of a biological event to an electronic signal. The signal transduction and the general 
performance of electrochemical biosensors are often determined by the surface architectures that connect 
the sensing element to the biological sample at the nanometer scale. The most common surface modifica- 
tion techniques, the various electrochemical transduction mechanisms, and the choice of the recognition 
receptor molecules all influence the ultimate sensitivity of the sensor. We show herein a novel electrochemi- 
cal biosensing platform based on the coupling of two different nanostructured materials (gold nanoparticles 
and fullerenols) displaying interesting electrochemical features. The use of these nanomaterials improved 
the electrochemical performance of the proposed biosensor. 

An application of the nanostructured enzyme-based biosensor has been developed for evaluating the 
detection of polyphenols either in buffer solution or in real wine samples. 


Key words Enzymatic biosensor, Nanomaterials, Direct electron transfer, Laccase, Polyphenols 


1 Introduction 


According to the International Union of Pure and Applied 
Chemistry (IUPAC), a biosensor (Fig. 1) is defined as “a self- 
contained integrated device that is capable of providing specific 
quantitative or semiquantitative analytical information using a 
biological recognition element which is in direct spatial contact 
with a transduction element” |1]. 

An important class of biosensors is represented by the electro- 
chemical biosensors, in which the physicochemical transducer is 
an electrochemical sensor. They are based on the electrochemical 
species consumed and/or generated during a biological and 
chemical interaction of biological active substance with substrate. 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
DOI 10.1007/978-1-4939-6911-1_4, © Springer Science+Business Media LLC 2017 
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Fig. 1 Scheme of a biosensor 


In such a process, an electrochemical detector measures the 
electrochemical signal produced by the interaction. Thus the 
differences among the three types of electrochemical biosensors 
(conductometric, potentiometric, and amperometric detectors) 
include their techniques of measuring biochemical changes in solu- 
tion [2, 3]. 

The most widely used biosensors are the amperometric/enzy- 
matic ones, which are based on the use of enzymes that catalyze 
specific redox reactions. These biosensors, according to the pathway 
followed by electrons in the functioning scheme, can be classified 
into first, second, and third generation biosensors. 

Based on different generation instruments, a short description 
is reported: 

First generation biosensors: Even if many complex detection 
schemes can be found in biosensor designs, the simplest approach 
to a biosensor is the direct detection of either the increase in 
concentration of an enzymatically generated product or the 
decreasing concentration of a substrate of the redox enzyme. 
Additionally, a natural redox mediator that is participating in 
the enzymatic reaction can be monitored. In all three cases it is 
necessary that the compound monitored is electrochemically 
active [4-8]. 

Second generation biosensors: In order to produce biosensors 
which operate at moderate redox potentials the use of artificial 
redox mediators was introduced for the “second generation” bio- 
sensors [9-11]. The redox mediator can be used to read out the 
analyte concentration within a sample. The employed redox 
enzyme for the analyte of interest is able to donate or accept 
electrons to or from an electrochemically active redox mediator. It 
is important that the redox potential of this mediator is in tune with 
the cofactor(s) of the enzyme. Preferably, the redox mediator is 
highly specific for the selected electron transfer (ET) pathway 
between the biological recognition element and the electrode sur- 
face. The difference in potential between the different cofactors 
and the introduced artificial redox mediator should not be less than 
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AE ~50 mV in order to provide a reasonable driving force of the 
reaction. As free-diffusing mediators, a large variety of compounds 
such as ferrocene derivatives, organic dyes, ferricyanide, ruthenium 
complexes, and osmium complexes have been utilized [12]. 

Third generation biosensors: A different approach to realize 
biosensor architectures is the immobilization of a redox enzyme on 
the electrode surface in such a manner that direct electron transfer 
(DET) could be possible between the active side of the enzyme and 
the transducer [13, 14]. Thus, free-diffusing redox mediators are 
not necessary for these types of biosensors [15-17]. Biosensor 
designs based on DET have been studied thoroughly [ 13, 18-24]. 

It is well established that one of the most important aspects 
greatly affecting the performances of electron-transfer based 
biosensors is represented by the characteristics of the immobiliza- 
tion procedure of redox proteins onto the electrode surface. This is 
particularly important in the development of third generation elec- 
trochemical biosensors where the most important issue is to obtain 
an efficient electron transport between redox centers of proteins 
and electrodes without disrupting the protein native structure. 
Nonetheless, DET between redox proteins and electrodic surfaces 
is uncommon as it is often hindered by the inaccessibility of the 
redox center, which thus limits the development of this type of 
biosensor |18, 25, 26]. 

The introduction of different nanomaterials, such as gold 
nanoparticles and fullerene, in the development of electrochemical 
biosensor, due to their unique properties provides a suitable micro- 
environment for proteins immobilization, maintaining their bioac- 
tivity, and at the same time facilitating electron transfer between 
their redox center and electrode surfaces [27]. 

Laccases (EC 1.10.3.2) are cuproproteins belonging to the 
group of blue oxidase enzymes [28, 29]. They are widely 
distributed in fungi [30], higher plants [31], and in some bacteria 
[32]. Laccase is a polyphenol oxidase catalyzing the oxidation of 
several inorganic substances as phenol, associated to the reduction 
of oxygen to water. Laccases have four neighboring copper atoms 
distributed among different binding sites and classified into three 
types: copper types 1, 2, and 3. Copper type l is involved in 
electron capture and transfer, copper type 2 activates molecular 
oxygen, while copper type 3 is responsible for oxygen uptake. 
Mediator oxidation using laccase is one-electron reaction, which 
generates a free radical [33 | (Fig. 2). 

Here, we introduce a preliminary application of the developed 
Trametes versicolor Laccase (TvL) biosensor using a screen printed 
electrode (SPE) as gold substrate; the resulting biosensor is utilized 
under flow injection analysis (FIA) conditions for the determina- 
tion of polyphenols content in real samples of wines and our results 
are compared to the Folin—Ciocalteau method as spectrophotomet- 
ric reference method. Also we carry out a microscopic 
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Fig. 2 Electron transfer mechanism of the substrates’ (Sox/Srea) reaction on the laccase modified electrode 


characterization of the transducer surface before and after modifi- 
cation with TvL by scanning tunneling microscopy (STM) and 
show the DET of our proposed modified biosensor in absence of 
redox mediators. 

The system can be used for repetitive measurements and as far 
as the stability is concerned, a reduction to 87% of the initial value 
of the sensitivity after 120 days from preparation and of about 53% 
after 240 days, has been observed. 


2 Materials 


2.1 Electrochemical Batch electrochemical experiments are performed using: 


Apparatus (Ree Mol 1; 1. 5 mL thermostated glass cell (model 6.1415.150, Metrohm, 
Switzerland). 

2. Gold (Au) electrode, with a surface diameter of 3 mm, as 
working electrode (model 6.1204.320, Metrohm, Switzer- 
land); a glassy carbon rod as counter electrode (model 
6.1241.020, Metrohm, Switzerland) and a Ag/AgCl/KClsat 
as reference electrode (198 mV vs NHE) (model 6.0726.107, 
Metrohm, Switzerland). 

Flow experiments are carried out using: 

3. Microliter Flow Cell (Dropsens, Spain) (Fig. 3). 

4. Flow injection valve (Dropsens, Spain) (Fig. 4), loop volume 
250 uL. 


5. Peristaltic Minipuls-3 peristaltic pump (Gilson, Inc., USA). 
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Fig. 3 Microliter flow cell (DropSens ref. FLWCL) is a methacrylate wall-jet 
Flow-Cell for FIA 


6. Screen-printed electrodes (SPEs) constituted by an Au working 
electrode with a surface diameter of 4 mm (model DPR- 
220AT, Dropsens, Spain), a gold electrode as counter elec- 
trode, and silver as reference electrode are used (Fig. 5). 
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Fig. 4 Flow injection valve (DropSens DRP-Valve) 





Fig. 5 Au screen-printed electrode (DropSens ref. DRP-220) 


2.2 Potentiostat All electrochemical measures are performed by using a p-Autolab 
(See Note 2) type III potentiostat from EcoChemie (Utrecht, The Netherlands) 
controlled by means of the GPES Manager program (EcoChemie). 


2.3 Spectrophoto- The spectrophotometric measurements are carried out by using a 
metric Measurements T60 U Spectrophotometer (PG Instruments Ltd., Wibtoft Leices- 
(See Note 3) tershire, UK). 


2.4 Working 1. Methanol (99.8%). 
Solutions (See Note 4) 2. Ethanol (96%). 


3. 3-mercaptopropionic acid and 11-mercaptoundecanoic acid in 
methanol (molar ratiol:2). 
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3 Methods 


3.1 Synthesis of 
Thiol-Functionalized 
Gold Nanoparticles 
(Diameter ca. 4-5 nm) 


CON DA oO A 


10. 


ll. 
12. 


13. 


14. 


15. 


. Cysteamine in aqueous solution. 

. Polyhydroxy small gap fullerenes. 

. Tetrachloroauric (III) acid (HAuCl, - 3H20). 

. Sodiumborohydride (NaBH). 

. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide(EDC) and 


N-hydroxysuccinimide (NHS). 


. Fungal laccase from Trametes versicolor (Fluka) (EC 1.10.3.2, 


activity: 30.6 U/mg, stored at —18 °C) is dissolved in 
0.1 mol/L acetate buffer, pH 4.5. 


Stock solutions of gallic acid are prepared in 0.1 mol/L 
Britton—Robinson buffer, pH 5.0 daily. More diluted standard 
solutions are prepared by suitable dilutions with the same buffer. 


10.0.1 mol/L acetate buffer, pH 4.5. 


Britton—Robinson buffer (BR buffer) (a mixture of 0.015 M 
H3PO, (85%) + 0.015 M HBO; + 0.015 M CHCOOH, 
that has been titrated to the desired pH with 0.2 M NaOH). 


High purity deionized water (Resistance:18.2 MQ cm at 25 °C; 
TOC < 10 pg/L) obtained from MilliporeDirect-Q UV3 
(France) has been used to prepare all the solutions. 


Different Italian commercial wine samples are acquired from a 
local supermarket. The only sample treatment required con- 
sisted of an appropriate dilution with a buffer solution and 
deaerating action by passing a N3 stream before analysis. 


Kit for measurement of total polyphenols concentration in 
wines is purchased from Biogamma Srl (Roma, Italy). The kit 
contains Folin—Ciocalteau reagent (composed by a mixture of 
H3PW 2049 and H3PMoj204 9), carbonate buffer and a stan- 
dard solution of gallic acid 3.0 g/L. 


. Mix 10 mL solution containing 197 mg of HAuCl, in ethanol 


to 5 mL solution containing 3-mercaptopropionic acid and 11- 
mercaptoundecanoic acid in methanol (molar ratio 1:2), then 
add 2.5 mL of glacial acetic acid in an ice bath for 1 h stirring. 


. Add dropwise 7.5 mL of aqueous solution of 1 M NaBH, 


(solution color changes from orange to deep brown within 
few seconds). Stir for another 1 h in an ice bath and stir for 
14 h at room temperature. 


. Wash the organic phase with 25 mL ethanol to remove excess 


thiol using a separatory funnel and then the solution (ca. 
3—4 mL) is transferred into a centrifuge tube for centrifuging 
(twice in each solvent) with methanol, ethanol, and diethyl 
ether. 
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Fig. 6 Assembling of biosensor 


3.2 Cleaning l 
Electrode Surface 


3.3 Assembling l; 
(Fig. 6) and DET of the 
TvL Biosensor (Fig. 8) 


Fullerenol 


Chemical-polish mechanically surface of Au electrode with 
0.3-0.05 um aqueous alumina slurries. Begin from 0.3 pm 
crystal size and move on to 0.05 pm. Use a circular motion 
on the clean polishing cloth. 


. Rinse with ethanol and deionized water, after each cleaning 


step. 


. Sonicate in water for 2 min, after each cleaning step. 


. Finally rinse with deionized water. 


Immerse Au electrode into 18 mmol/L cysteamine aqueous 
solution at room temperature in darkness for 4 h (see Note 5). 


. Rinse with water (see Note 6) and dry with nitrogen gas. 
. Immerse the Au electrode modified by SAM with 20 pL of 


a solution containing AuNPs-linker 2 mg/mL together 
with 0.5 mmol/L EDC and 0.1 mmol/L NHS for 30 min 
(see Note 7). 


. Rinse with water and then deposit 20 pL of polyhydroxy- 


fullerenes 0.07 mg/pL with EDC/NHS mixture onto the 
modified surface for 30 min. 


. Rinse with water and deposit 10 pL of a solution containing 


0.076 U/L of TvL and EDC/NHS mixture onto the result- 
ing surface and dry for about 20 min at room temperature. 


. Carry out a microscopic characterization of the transducer 


surface before (Fig. 7a) and after modification (Fig. 7b) with 
TvL by scanning tunneling microscopy (STM). 


. Measure cyclic voltammetries (CVs) of the TvL biosensor at 


different scan rates, from 0.1 to 1.0 V/s, in the potential range 
—0.3 + 0.6 V vs Ag/AgCl, in absence of Oy, in in 0.1 mol/L 
acetate buffer, pH 4.5, at 25 °C (Fig. 8). 
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Fig. 7 STM images obtained for Au-SAM/AuNPs-Linker/Fullerenols before (a) and after (b) modification with 
TvL; on the right, the cross section profiles referring to the objects indicated by the arrows 


3.4 Determination 
of Calibration Plot 
of Gallic Acid 


3.5 Determination of 
Polyphenols in Wines 
by a Microliter Flow 
Cell 


. Modify Au-SPE surface with the same procedure described in 


Subheading 3.3. 


2. Au-SPE is placed into the flow cell. 


. A fixed potential of —100 mV vs internal silver/silver chloride 


reference electrode is applied. 


. For stabilization of baseline in the flow cell, BR buffer is 


circulated by a peristaltic pump with a flow rate of 
0.894 mL/min. 


. In this system, different standard solutions of gallic acid are 


flowed into the flow cell. Between the different solution injec- 
tions, the flow cell is washed with acetate buffer until stabiliza- 
tion of baseline (Fig. 9) (see Note 8). 


. Modified Au-SPE is placed into the flow cell. 
. A fixed potential of —100 mV vs internal silver/silver chloride 


reference electrode is applied. 
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Fig. 8 CVs of TvL biosensor at different scan rates (0.1 — 1.0 V/s). The experiments were performed in 
anaerobic conditions in 0.1 mol/L, pH 4.5 acetate buffer, at 25 °C. /nset variation of anodic (black dots) and 
cathodic (white dots) peak intensities (ip) as a function of scan rate (V) 


. For stabilization of baseline in the flow cell, BR buffer is 


circulated by a peristaltic pump with a flow rate of 
0.894 mL/min. 


. For stabilization of baseline in the flow cell, Britton—Robinson 


solution is circulated by a peristaltic pump with a flow rate of 
0.894 mL/min. 


. A white wine sample diluted ten times is flowed into the flow 


cell by flow-injection valve for three injections (red wine sample 
is diluted 100 times) (Fig. 9) (see Note 9). 


. Polyphenols index is obtained by calibration plot of gallic acid 


and multiplied by the dilution factor. 


. The obtained result for two different commercial wines have 


been compared to those obtained by the Folin—Ciocalteau as 
reference method. The recovery of white wine sample is 101% 
and of red wine is 103% (Table 1). 
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Fig. 9 Flow injection analysis (I (uA) vs t (s)) of gallic acid and analysis of two wine samples. In particular, is 
reported the experimental response for different gallic acid concentrations: (1) 0.03 mmol/L, (2) 0.08 mmol/L, 
(3) 0.15 mmol/L, (4) 0.24 mmol/L, (5) 0.30 mmol/L. Sample 1 is white wine diluited ten times and Sample 2 is 
red wine diluited 100 times. In the inset ir reported the calibration plot for gallic acid (I (uA) vs [gallic acid] 
(mM)) 


Table 1 

Comparison of polyphenols index obtained for two wines with Au-AuNPsLinker-Fullerenols-TvL 
biosensor by FIA amperometry in 0.1 mol/L acetate buffer, pH 4.5 at a fixed potential of —100 mV and 
the values obtained using the Folin—Ciocalteau reference method 


Wine sample Folin-—Ciocalteau (mg/L) TvL biosensor (mg/L) Recovery (%) 
White wine 2IL E3 273 £7 101% 
Red wine 2327 2 38 2443 + 72 103% 

4 Notes 


1. The apparatus and the electrodes are also available from other 
commercial sources. 


2. The potentiostat is available from other suppliers. 
3. The spectrophotometer is available from other suppliers. 


4. Numerous competitive reagents are available from different 
commercial sources. 


5. Although a SAM of alkanethiol on gold is formed within a few 
minutes, we usually choose to leave gold substrates in a solu- 
tion of alkanethiol for approximately 4 h. 
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6. The rinsing step is important to eliminate physically adsorbed 


cysteamine. 


7. EDC and NHS are dissolved in deionized water. 


8. It is important to wait the stabilization of the baseline to carry 
out with the experimental measurements. 


9. Wine samples are diluited in 0.1 mol/L Britton—Robinson 


buffer, pH 5.0. 
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Chapter 5 


Screen-Printed All-Polymer Aptasensor for Impedance 
Based Detection of Influenza A Virus 


Julie Kirkegaard and Noemi Rozlosnik 


Abstract 


In this chapter a detailed description of the fabrication and testing of an aptasensor for influenza A virus 
detection is given. The sensor chip is an all-polymer chip fabricated with screen-printed poly(3,4- 
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) electrodes. Chip substrates are made by 
CO, laser cutting of Poly(methyl methacrylate) (PMMA) sheets. Influenza A virus specific aptamers are 
immobilized onto the electrodes by UV cross-linking. Impedance based measurements at a single fre- 
quency, measured over time, are used to detect the virus in a buffer solution. 


Key words Aptasensor, Screen printing, Aptamers, Influenza A virus, Impedance, PEDOT:PSS 


1 Introduction 


Influenza A virus (IAV) causes infection in the upper respiratory 
tract leading to symptoms such as fever, nasal congestion and 
headache. In severe cases the illness can have a lethal outcome 
[1]. Viral infections caused by IAV are a global health threat due 
to the highly contagious nature of the virus. Furthermore, IAV can 
cause cross-species infections wherein non-human strains can be 
highly pathogenic to humans, thus increasing the risk of a pan- 
demic infection | 1 ]. Cheap, fast, and easy surveillance and diagnosis 
of IAV in the human population, animals, or wild birds is thus of 
high priority for tracking and preventing virus propagation. Fur- 
thermore, treatment with antiviral drugs within 24 h of onset of 
symptoms in patients suffering from IAV greatly reduces the dura- 
tion and severity of the illness | 2 |. 

Several laboratory methods for IAV identification are available, 
all of which have advantages and disadvantages. The most com- 
monly used methods are real-time reverse transcription polymerase 
chain reaction (RT-PCR), the hemeagglutination (HA) test, the 
hemeagglutination-inhibition (HI) test, and virus culture. None of 
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these established methods are suitable for rapid testing because all 
require more than a few hours of work. Furthermore, they all 
require highly skilled personnel to perform and interpret the test 
results. For rapid testing a test should be performed in less than 
30 min. RT-PCR is the gold standard for IAV detection and can be 
used to determine the genomic content of the virus, thus differ- 
entiating between IAV subtypes. However, RT-PCR has several 
disadvantages including high reagent cost and the need for a highly 
specialized laboratory settings in order to avoid genomic contami- 
nation. The HA test is a quick and cheap method to detect virus in a 
sample but the test cannot distinguish between different IAV sub- 
types or other hemeagglutinating viruses such as Newcastle disease 
virus. For subtype differentiation the HA test is followed by a HI 
test using subtype specific reference antisera. In both HA and HI 
tests the limit of detection is relatively high and therefore require 
high virus concentration to perform the test. Virus culture is an 
effective method for virus propagation and isolation. The major 
drawbacks of virus propagation in cell culture is the virus incuba- 
tion time and the costs related to the cell culture, reagents, lab 
facilities, and analysis time. 

In this chapter we present an all-polymer label-free aptasensor 
for rapid testing of intact IAV particles by electrochemical imped- 
ance spectroscopy (EIS) (see Note 1). The main goal of this apta- 
sensor is to overcome the disadvantages of conventional methods, 
especially reduction of process time and overall cost. The aptasensor 
is not meant as a substitute for standard methods but as a comple- 
mentary rapid test before further testing. 

An impedance sensor measures the changes of electrical proper- 
ties at an electrode-solution interface in order to detect specific 
binding events on the aptasensor. The chip substrate is fabricated in 
Poly(methyl methacrylate) (PMMA) with screen-printed Poly(3,4- 
ethylenedioxythiophene) Polystyrene sulfonates (PEDOT:PSS) 
electrodes. PEDOT:PSS is an intrinsic conducting polymer which 
has numerous advantages over conventional metal electrodes 
including ease of fabrication, low material and production cost, 
and reduced environmental footprint [3]. Furthermore, PEDOT: 
PSS is an attractive electrode material compared to other conduct- 
ing polymers due to its high stability and high conductivity (up to 
400-600 S/cm [3]). 

The detection chips are disposable single use chips, thereby 
reducing any potential cross contamination from consecutive mea- 
surements. Furthermore, conventional biosensor chips are usually 
fabricated from silicon wafers with noble metals in clean room 
facilities, thereby greatly increasing the unit price and making single 
use silicon chips less favorable. Our all-polymer chips avoid this 
issue by significantly lowering all material and fabrication costs. 

The bio-recognition elements, or ligands, in the all-polymer 
aptasensor are single stranded deoxyribonucleic acid (ssDNA) 
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aptamers specific to IAV. The three dimensional folding of the 
ssDNA aptamer forms a complex structure that recognizes and 
binds a specific target for which it was selected. 

The use of aptamers is preferred since aptamers pose several 
advantages over antibodies. One of the major advantages of apta- 
mers is oligonucleotide synthesis or synthesis by PCR where ani- 
mals or cell lines are excluded from the process. Target specific 
aptamer selection is performed in vitro by a process called system- 
atic evolution of ligands by exponential enrichment (SELEX) devel- 
oped by Tuerk and Gold [4]. The SELEX method is a cyclic process 
of three steps: incubation, separation, and amplification. The 
in vitro synthesis reduces the batch to batch variation and produc- 
tion costs [5]. Furthermore, aptamers are small in size relative to 
antibodies [5 |. This means that target binding events will take place 
closer to the electrode surface — which is a major advantage in 
impedance sensing. 

The aptamer used in this sensor is developed and published by 
Jeon et al. [6]. The aptamer A22 is specific to the IAV strains 
HIN1, H3N2, and H2N2. The A22 aptamer targets the viral 
surface protein hemeagglutinin and inhibits viral infection by bind- 
ing to the cell receptor binding site of the hemeagglutinin. The 
sequence of the aptamer is: 5'AATTAACCCTCACTAAAGGGC- 
TGAGTC- TCAAAACCGCAATACACTGGTTGTATGGTCGA- 
ATAAGTTAA-3’ [6]. 

The electrode surface immobilization of the aptamers is based 
on a UV immobilization technique developed by Dufva et al. and 
modified by Sun et al. [7, 8]. The ssDNA aptamer is modified with 
a poly(T)10-poly(C)10 tag (TC-tag) and an internal spacer at the 5’ 
end (see Fig. 1). It is anticipated that the thymine rich part of the 
TC-tag binds to the polymer surface during UV exposure but the 
exact mechanism is unknown. 

The chip layout is illustrated in Fig. 2. The chip substrate is 
based on an SD card interface to ease the usability of the chip. Four 


Poly(T)10-Poly(C)10 tag 


Q, 


LTE TUF ) 


Int Spacer 9 9 
a 
O 


Aptamer 


3’ 


Fig. 1 Aptamer with 5’ end modification. The aptamers are modified with a Poly 
(T)10-Poly(C)10 tag at the 5’end with an Int Spacer 9 between the TC-tag and the 
aptamer 
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Active part of electrode pair 








Chip substrate 
Liquid channel 
I PEDOT:Pss 
E PEDOT:PSS with aptamers 


a Top part 


E1 Notation for electrode no. 1-4 


























Fig. 2 SD card chip layout. Dimensions are given in mm. A blow-up of the active 
part of the chips illustrates the area of the electrode functionalized with 
aptamers 





a 


Fig. 3 (a) Successful screen-printed PEDOT:PSS electrode pair. (b) Poor print of PEDOT:PSS electrode pair 


electrode pairs fits on each chip. It is thus possible to measure up to 
three different analytes simultaneously with three of the four elec- 
trode pairs. The fourth electrode pair must be used as a negative 
control during measurements and used for background subtraction 
in the data analysis. Double sided adhesive tape seals a top part to 
the chip. A channel cut from double-sided adhesive tape is used as 
the sample chamber and liquid interface. The active part of the 
electrode pair consists of two concentric circles with a width of 
100 um placed 150 um apart, and is in contact with the buffer 
solution. The diameter of the outer electrode is 1.5 mm. An image 
of a screen-printed electrode pair is seen in Fig. 3. In the printing 
process it is important to obtain a good print to avoid bad connec- 
tions, short circuits, or differences in electrical properties between 
electrode pairs. 

An equivalent circuit of the aptasensor is illustrated in Fig. 4 
and described in detail by Dapra et al. [9]. The constant phase 
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Fig. 4 Equivalent circuit model for the electrode-buffer system. A; intrinsic 
resistance of the electrodes. A,; charge transfer resistance . CPE,;; double 
layer constant phase element. W: Warburg impedance. Rs buffer solution 
resistance. Cyeo: geometric capacitance of the electrodes. C; limiting 
capacitance of diffusive species in the electrode material 


element (CPE,,;) of the electrical double layer at the electrode—so- 
lution interface is changed when a virus binding event happens on 
the surface of the electrode [9]. The CPE,; is dominated by a 
capacitive behavior; the double layer capacitance. Changes in the 
CPE,; can be observed in the low frequency range of an impedance 
spectrum. This means that virus captured by the aptamers, thus on 
the electrode surface, will change the impedance of the aptasensor 
in the low frequency range. These impedance changes of the apta- 
sensor can be detected by EIS and thereby enable virus detection. 
In an EIS sensor system a small alternating (AC) potential is applied 
to the electrodes and the current passing through the system is 
measured. From the applied potential and the measured current, 
the impedance of the system can be calculated. In AC systems the 
impedance is a complex number expressed by a phase and a magni- 
tude. Different information can be obtained by EIS. In our appli- 
cation we are interested in the frequency dependence of the 
impedance (frequency spectra) as this measurement technique 
gives us information about in which frequency range the surface 
changes can be observed. In a frequency spectrum the frequency of 
the AC potential is varied on a logarithmic scale from for example 
0.5 Hz to 10 kHz and the impedance magnitude from the whole 
frequency spectra is calculated. For the all-polymer aptasensor the 
frequency range of interest is 0.5-2 Hz as the impedance changes 
observed in this range is caused by changes in the CPE», The 
binding of IAV to the aptamers occurs by a relatively fast mecha- 
nism and the impedance response can be observed immediately 
after target binding, thereby meeting the demands of rapid testing 
of less than 30 min. 

Our group, PolyMeDiag, has previously published studies on 
the all-polymer biosensor for detection of viral infections in human 
cells, detection of IAV in saliva, and detection of antibiotics in milk 
[9-11]. These multiple applications of this technique prove the 
broad applicability of the biosensor. 
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2 Materials 

2.1 Material for l. 
Fabricating Screen- 

Printed PEDOT:PSS 2 
Electrodes 2 


PEDOT:PSS screen-printing paste (Clevios™ S V4 STAB, 
Heraeus Precious Metals GmbH & Co. KG, Germany). 


. Disc dissolver and glass beaker. 


. Aluminum frame with high modulus polyester screen with 


printing pattern, mesh: 150, 22 (see Note 2) (Vesterbro Seri- 
graft A/S, Denmark). 


4. Homemade substrate and screen holder (see Note 5). 


. Squeegee for screen printing, made in a hard material with 


straight edge. 


. Poly(methyl methacrylate) (PMMA) extruded sheet, 1.5 mm 


thick (Nordisk Plast, Denmark), cut into pieces of 
220 x 270 mm. 


7. Oven set to 60 °C. 


10. 
2.2 Materials l. 
for Aptamer 
Immobilization 2 


on Electrodes 


. Carbon dioxide (CO3) Laser cutter (Epilog Mini 18 Laser, 


USA). 


. Semiconductor Wafer Tape SWT 20P+ (Nitto Denko Corpo- 


ration, Belgium), or other adhesive film that is easy to remove 
from substrates. 


Microscope to inspect the print. 


A22 JAV aptamer with a Poly(T)-Poly(C) linker and Int Spacer 
9 (Integrated DNA Technologies, Denmark). 


. Nonspecific random ssDNA aptamer with a Poly(T)-Poly(C) 


linker and Int Spacer 9 (Integrated DNA Technologies, 
Denmark). 


. Autodrop Professional Positioning System for spotting apta- 


mers on electrodes (Microdrop Technologies GmbH, 
Germany). 


. Autodrop pipette, AD-K-901, type 40 (Microdrop Technolo- 


gies GmbH, Germany). 


. Deionized water (dH20). 

. Phosphate-buffered saline (PBS). 

. Adjustable micropipettes 1-10 pL and 10-100 pL. 

. Pipette filter tips. 

. UV illuminator (Stratagene UV Stratalinker 2400). 

. PCR machine (MJ Research PTC-200 Thermal Cycler). 
. Ice. 

. PCR Tubes with individual caps. 


2.3 Materials for 
Impedance Detection 
of IAV 


3 Methods 


3.1 Fabrication of 
Screen-Printed PEDOT: 
PSS Electrodes 
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1. IAV, strain HINI (ATCC VR-1469, ATCC, Germany) 
(see Note 3). 


2. PMMA extruded sheet, 1.0 mm thick (Nordisk Plast, Den- 
mark). Top parts for the chip will be laser cut from the 
PMMA sheets. 


3. Double sided adhesive tape. The tape will be used to clamp the 
SD card chip and the PMMA top. Channels will be laser cut in 
the tape to define the liquid interface. 


. CO, Laser cutter (Epilog Mini 18 Laser, USA). 

. Phosphate-buffered saline (PBS). 

. Adjustable micropipettes 10-100 pL and 100-1000 pL. 
. Pipette filter tips. 


CON WD OF A 


. Homebuilt multiplexer with SD inverted card connector. 


(a) DG409 High-Performance CMOS Analog Multiplexer 
component (Vishay Electronic GmbH, Germany). 


(b) Arduino Micro microcontroller board (RS Components, 
Denmark). 


(c) SD card connector/reader (HRS163-3416A, Hirose). 
(d) 10 kOhm resistor. 


9. Potentiostat (Impedance spectrometer) (VersaSTAT 3, Prince- 
ton Applied Research, USA). 


10. Potentiostat software (VersaStudio 2.43.3, Princeton Applied 
Research, USA). 


11. MATLAB or other mathematical software. 


Screen-printing can be performed by hand or by a dedicated screen- 
printing machine. We perform the printing by hand, which requires 
some experience and several attempts in order to obtain a good 
print. A good print also depends on correct rheology of the paste, 
print speed, and squeegee angle. Figure 5a shows the experimental 
setup for manual screen-printing of the electrodes with PEDOT: 
PSS paste and Fig. 5b illustrates the steps involved in the printing 
process. The printing substrate is a 200 x 250 mm PMMA sheet 
with 35 laser pre-cut chips in the dimensions illustrated in Fig. 2. 
Before printing with the PEDOT:PSS paste it must be dispersed in 
order to get a smooth and homogenized paste compared to the 
non-dispersed PEDOT:PSS which is grained and not suitable for 
obtaining a smooth and detailed print (see Fig. 5b). We design the 
print pattern in Autodesk AutoCAD software. The aluminum 
framed screen is purchased from a local screen-printing company 
that manufactures the screen with our design. 
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Fig. 5 Screen printing PEDOT:PSS electrodes on PMMA chips. (a) Experimental setup for manual screen 
printing: (7) aluminum frame with screen with print pattern, (2 squeegee, (3) homemade plywood screen 
holder and substrate holder (see Note 5), (4) chip holder placed in the substrate holder, (5) disk dissolver, and 
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Fig. 6 PMMA sheet layout for screen printing. All black lines must be cut by the 
CO. laser. Each PMMA sheet holds 35 SD card chips and one chip holder of 
200 x 250 mm 


1. The chips and chip holder must be pre-cut from the 
220 x 270 mm PMMA sheets before screen-printing the electro- 
des. Remove the protective film from one side of the PMMA sheet 
and place it in the CO, laser with the unprotected side facing up. 
The PMMA sheet layout is illustrated in Fig. 6. Black lines in the 
figure must be laser cut in order to cut both chips and the chip 
holder (see Note 4). Before removing the chips and chip holder 
from the laser an adhesive film, i.e., semiconductor wafer tape 
SWT 20P+, is used to fix the chips in the chip holder. The chips 
and holder can now be removed from the laser. One side is now 
protected by the adhesive film and the other by the manufacturer 
applied film. Figure 5b(1) shows the chips placed in the chips 
holder. 


2. Dispersion of PEDOT:PSS paste is done by adding 50-100 mL 
PEDOT:PSS in a glass beaker. The disc of the disc dissolver is 
placed into the paste approximately 1 cm above the bottom of 
the beaker and the paste is dispersed with the disc dissolver at 
1000-2000 revolutions per minute for 0.5-1 h. 


3. The screen-printing principle is illustrated step by step in 
Fig. 5b. Place a 1.5 mm test substrate of 200 x 250 mm 


ae, 


Fig. 5 (continued) (6) PEDOT:PSS in a glass beaker. (b) Step-by-step overview of the screen-printing process: 
(1) Chip holder with 35 chips fixed by semiconductor wafer tape (the blue tape) fabrication is described in 
Subheading 3.1, (2 Non-dispersed (left) grained and dispersed (right) smooth and homogenized PEDOT:PSS 
(Subheading 3.2), (3) a chip holder is placed in the substrate holder (as seen in Fig. 5a(4)) and the screen is 
placed above the substrate in the screen holder, PEDOT:PSS is poured out on the screen above the print 
pattern, (4) and (5) drag the PEDOT:PSS over the print with the squeegee with a fast movement (1—2 s) while 
pushing down to transfer the PEDOT:PSS to the chips as described in Subheading 3.3 (6) the finished print is 
inspected by eye and with a microscope 
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3.2 Aptamer 
Immobilization on 
Electrodes 


PMMA under the screen in the substrate holder (see Note 5). 
Place the screen on top of the PMMA test substrate 
(200 x 250 mm PMMA plate). Make sure there is a 3 mm 
spacing between the substrate and the screen. Add dispersed 
PEDOT:PSS on top of the screen between the print pattern 
and the frame as illustrated in Fig. 5b. With a fast motion, drag 
the PEDOT:PSS paste over the printing pattern with the squee- 
gee while pushing down on the screen. The squeegee angle 
should be between 50°—70°. Remove the screen from the screen 
holder (See Note 6). Remove the test substrate and inspect the 
print in the microscope. Bake the test print at 60 °C for approxi- 
mately 15 min to evaporate the solvents in the PEDOT:PSS 
paste. 


4. When a good print has been obtained step 3 is repeated with 
the chips in the chip holder instead of the test substrate. 
Remove the manufactures protective film from all chips before 
printing on the chips. Figure 3 shows two microscope images of 
a printed electrode pair. Figure 3a shows an example of a good 
print of the electrode pair where all structures and edges in the 
print are perfectly defined. An example ofa bad print is shown in 
Fig. 3b where the PEDOT:PSS has formed droplets on the 
PMMA substrate instead of a connected well defined structure. 
After baking the print at 60 °C for approximately 15 min it is 
crucial not to touch the print since the electrodes can be dam- 
aged easily. Figure 5b(6) shows an image of a printed chip. 


The aptamers are spotted onto the electrodes with a micro spotting 
system, Autodrop Professional Positioning System, from Micro- 
drop Technologies GmbH. The Autodrop spotting system is 
based on the inkjet printing technique to spot droplets onto the 
substrate. Other inkjet spotting systems can also be used but the 
advantage of the Autodrop spotting system is the ability to custom- 
ize spotting patterns with elliptic structures and thereby not limit- 
ing the user to only linear spotting arrays. Furthermore, the 
Autodrop spotting system easily locates and aligns spotting sub- 
strates. The hydrophilic nature of the PEDOT:PSS ensures good 
coverage of the electrodes with the aptamer solution. Furthermore, 
the PMMA substrate is very hydrophobic which forces aptamer 
solution spotted onto the border between PMMA and PEDOT: 
PSS to be absorbed on the PEDOT:PSS. PBS is used as the spotting 
buffer. The high salt concentration of PBS ensures correct configu- 
ration and folding of the aptamers. The Autodrop spotting system 
spots droplets of approximately 300 pL onto the substrate. The 
horizontal spot distance is determined by the user. This means that 
the coverage of the aptamer solution on the electrodes can be tuned 
by the user. Figure 7a, b shows two images of electrode pairs with 
spotted aptamer solution. Figure 7a was spotted with a horizontal 
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Fig. 7 (a) Electrode pair with aptamer solution spotted onto electrode surface. Spotting was done with a 
horizontal spot distance of 0.2 mm and a good coverage of the electrodes is seen. (b) Electrode pair with 
spotted aptamer solution with a horizontal spot distance of 0.4 mm. The spots are spotted in discrete areas 
along the electrode surface and do not cover the electrodes completely 


spot distance of 0.2 mm and shows a good coverage of the electro- 
des whereas Fig. 7b was spotted with a horizontal spot distance of 
0.4 mm and shows only discrete spots of aptamer solution. After 
spotting the aptamers on the electrodes a UV exposure step is used 
to cross-link the aptamers to the electrode surface. 


l. 


Dilute the A22 aptamer and a nonspecific aptamer in separate 
PCR tubes with individual caps to a final concentration of 1 uM 
in PBS. Approximately 200 uL of each aptamer solution is 
needed for spotting. Denature the aptamer solutions at 95 °C 
for 5 min in a PCR machine. Cool down on ice and leave the 
aptamer solutions on ice. 


. Turn on the Autodrop Professional Positioning System. 


Mount a pipette and fill it with the A22 aptamer solution. Set 
up the system for spotting on the two concentric circles of each 
electrode pair (see Note 7). 


. In the Autodrop Professional Positioning software load a spot- 


ting file (.mvg) in the image control menu (see Note 8). Spot- 
ting distance from pipette to substrate should be 1-1.5 mm. A 
horizontal spot distance of 0.15-0.2 mm should be used for 
spotting. Place a chip on the stage and align the fiducials. Spot 
2 of the 4 electrode pairs of each chip. Mark the electrodes with 
a + sign for the A22 aptamer. 


. Repeat steps 3 and 4 with the unspecific aptamer. Mark the two 


electrodes with a — sign for the nonspecific aptamer. 


. Place the chips with spotted aptamers in the UV illuminator 


and expose the chips for 10 min. Rinse the chips thoroughly 
with dH,O. Place the chips in a dH,O bath and wash for 
approximately 20 min with slight agitation. Dry chips in an 
air stream and store them in the fridge. 
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3.3 Impedance The impedance changes caused by the presence of virus on the 

Detection of IAV electrode surface is measured and recorded by an impedance spec- 
trometer. The signal from the electrode pairs is sequentially 
connected to the impedance spectrometer through a multiplexer 
with a time frame of 15 s. The multiplexer component is controlled 
by the Arduino microcontroller board. Figure 8 shows an image of 
the homebuilt multiplexer with the Arduino Micro microcontroller 
board, the Analog Multiplexer component and the SD card 
connector. The impedance changes is measured at a single fre- 
quency to detect the changes over time. In the measurements 
described below we measure the impedance at 1 Hz as previous 
measurements have shown that the highest changes is observed at 
this frequency. 


1. Cut the double sided adhesive tape in the dimensions: 
24 mm x 14 mm with the CO, laser. Cut a channel in the 
tape that corresponds to the channel in Fig. 2. Cut top part 
from 1.0 mm PMMA with the CO, laser. Dimensions of top 
part is 24 mm x 14 mm with two holes of 0.9 mm in diameter 
as illustrated in Fig. 2. The two holes are used as inlet and 
outlet of liquid into the channel. Assemble the chips with the 
chip, liquid interface, and top part. 


2. Sample preparation (see Note 3): dilute IAV stock to a final 
concentration of approximately 10° plaque forming units 
(PFU) in PBS. A final volume of 1 mL virus sample is sufficient. 


3. Load PBS in to the channel with a 200 uL pipette tip. Plug the 
multiplexer into the VersaSTAT (Potentiostat) (see Note 9). 
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Fig. 8 Image showing the homebuilt multiplexer with (7) the Arduino Micro microcontroller board, (3 the 
Analog Multiplexer component, and (3) the SD card connector. A SD card chip (4) is mounted in the SD card 
reader for impedance measurements 
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Plug in the chip into the SD card connector on the homebuilt 
multiplexer. The multiplexer should change between channels 
approximately every 15 s. The impedance should be measured 
at a fixed frequency of 1 Hz over time with an amplitude of 
80 mV. The impedance response should be measured on the 
four electrode pairs with the channel filled with PBS for 
approximately 15 min to obtain a stable baseline signal. With 
a 200 uL pipette load the IAV sample into the channel and 
measured for another 15 min to record the impedance response 
of the electrodes with IAV bound to the A22 aptamer. After the 
impedance measurement the signal from electrode E1 is iden- 
tified by a feature of the homemade multiplexer where the 
signal from El is bypassed through a low impedance resistor 
(10 kOhm) and thereby enabling signal identification in the 
post processing of the data. 


4. The data is exported from the VersaStudio software and post 
processing of the data is performed in a dedicated program, 
e.g., MATLAB. Data from each electrode is extracted from the 
data set as illustrated in Fig. 9 where raw data of the modulus of 
the impedance (black circled line) is plotted against time. The 


Raw data with overlay of extracted electrode specific data 


—e—Raw data 


IZI [kOhm] 





Time [min] 


Fig. 9 Raw data with overlay of extracted electrode specific data. Raw data is recorded at 1 Hz over time. A 
homebuilt multiplexer changes the signal between each electrode pair every 15 s. The large data peaks below 
180 kOhm and above 205 kOhm are artifacts from the potentiostat when the multiplexer changes between 
electrode pairs. Data from electrode pairs, E1-4, is extracted from the raw data. Labels A22 aptamer and 
nonspecific aptamer denote the electrode functionalization 
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4 Notes 


data extraction of each electrode pair is done using MATLAB. 
The multiplexer always measures 15 s of data from E1 followed 
by E2, E3 and then E4. The signal identification of El thus 
enables identification of the signal from each electrode pair. 
Impedance data from each electrode pair, El-4, is extracted 
from the raw data. The extracted electrode specific data is 
filtered by a moving average filter (MATLAB command: tsmo- 
vavg(data(:,:),’s’,window_size,l1)) and any drift is removed by 
filtering (MATLAB command: detrend(data)). The mean value 
of the baseline signal for each electrode pair is calculated 
(MATLAB command: mean(data)) and the change in percent- 
age (MATLAB command: 100 .* (data-mean(data)) ./ mean 
(data)) of each electrode pair is calculated in order to identify 
impedance changes caused by viral binding to the electrode 
surface. 


. When using aptamers as bio-recognition elements in a biosen- 


sor it is called an aptasensor. 


. The mesh in the screen is rotated 22° in order to avoid anisot- 


ropy in the printed structure. By rotating the mesh 22° the 
mesh direction is not parallel to the fine structures, nor the 
printing direction and any possible adverse effects due to this is 
avoided. 


. Work with LAV must be carried out in a biosafety level 2 lab in a 


laminar flow bench to avoid any contamination and spread of 
virus. 


. Laser settings for 200 x 250 mm outline: speed 15%, power 


100%. The chips are cut by two consecutive rounds to reduce 
the amount of evaporated PMMA residues from the laser cut- 
ter: first cut settings: speed 30%, power 85%, second cut set- 
tings: speed 60%, power 50%. It is important to notice that the 
settings must be determined for each CO, laser as each laser is 
different. 


. To make sure that the SD card chips are printed correctly with 


the PEDOT:PSS, alignment of the substrate and the screen is 
crucial. We use a 20 mm plywood plate as substrate and screen 
holder in the dimensions: 10 cm + length of 
screen x 10 cm + width of screen. The screen is fixed in two 
corners on the holder with stacked flat corner braces. 
3 x 1.5 mm PMMA plates in each corner under the screen 
are used as spacers to lift the screen 3 mm above the substrate. 
The chip holder is fixed on the plywood inside a substrate 
holder: a 1.5 mm PMMA sheet with a cut-out of 
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200 x 250 mm. Alignment of the substrate holder relative to 
the screen must be done precisely to obtain useful chips. 


6. If PEDOT:PSS residues are present in the print pattern on the 
screen the downwards push on the squeegee while printing was 
insufficient and more force must be applied. 


7. Autodrop Professional Positioning System setup: Mount a 
pipette and check the Al position of the microtiter plate. Fill 
the pipette. Camera 1 calibration: Place the tip in focus in the 
Camera view and set the voltage and pulse length to achieve a 
droplet speed of 2 m/s. Adjust the voltage and pulse length if 
any droplet satellites are present. Calibrate camera 2 to ensure 
the correct distance between the camera and the tip. 


8. The Autodrop Professional Positioning System software is 
compatible with .dxf files. A drawing can be made in for exam- 
ple AutoCAD and saved as .dxf 2000 file. Use only lines and 
arcs/circles to make the drawing. It important to clean the 
drawing from any unnecessary structures and remove complex 
structures like polylines or splines. Import the file to the Auto- 
drop software and redraw the drawing in the software with 
2 fiducials added to the drawing. 


9. Make sure the VersaSTAT has been turned on at least half an 
hour before measurements are performed. Preferably, do not 
turn it off at all to ensure good stability. 
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Chapter 6 


Microfluidic Arrayed Lab-On-A-Chip for Electrochemical 
Capacitive Detection of DNA Hybridization Events 


Hadar Ben-Yoav, Peter H. Dykstra, William E. Bentley, and Reza Ghodssi 


Abstract 


A microfluidic electrochemical lab-on-a-chip (LOC) device for DNA hybridization detection has been 
developed. The device comprises a 3 x 3 array of microelectrodes integrated with a dual layer microfluidic 
valved manipulation system that provides controlled and automated capabilities for high throughput 
analysis of microliter volume samples. The surface of the microelectrodes is functionalized with single- 
stranded DNA (ssDNA) probes which enable specific detection of complementary ssDNA targets. These 
targets are detected by a capacitive technique which measures dielectric variation at the microelectrode—e- 
lectrolyte interface due to DNA hybridization events. A quantitative analysis of the hybridization events is 
carried out based on a sensing modeling that includes detailed analysis of energy storage and dissipation 
components. By calculating these components during hybridization events the device is able to demon- 
strate specific and dose response sensing characteristics. The developed microfluidic LOC for DNA 
hybridization detection offers a technology for real-time and label-free assessment of genetic markers 
outside of laboratory settings, such as at the point-of-care or in-field environmental monitoring. 


Key words Dielectric spectroscopy, Electrochemical impedance spectroscopy, Lab-on-a-chip, Micro- 
fluidics, DNA hybridization sensing, Label-free detection, Faradaic redox reaction, Electrical equiva- 
lent model, Biosensor 


1 Introduction 


There are many types of biosensors for deoxyribonucleic acid 
(DNA) hybridization detection that are based on various transduc- 
tion mechanisms, such as optical and electrochemical detection [1, 2]. 
Within the electrochemical regime, there are three types of biosen- 
sing techniques that are used for DNA hybridization detection: 
amperometric, potentiometric, and capacitive [3]. Most of these 
techniques are based on a three-electrode electrochemical cell that 
includes working, counter, and reference electrodes (Scheme 1). 
These techniques monitor physical and chemical variations at the 
electrochemical interface of the sensor (i.e., working electrode) and 
the tested solution (i.e., electrolyte) due to the hybridization 
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Reference Working Counter 
electrode electrode electrode 





Scheme 1 A three-electrode configuration of an electrochemical cell. The 
potential is held between the working and the reference electrodes while the 
current is measured between the working and the counter electrodes 


events. During amperometric detection the electrode is held at an 
electrochemical potential that is higher than the standard reduction 
potential (Eọ) of an electro-active species in the sample (i.e., over- 
potential conditions), resulting in redox-based current (1.e., fara- 
daic current). In the case where the species undergo an oxidation 
reaction the electrode’s potential is held at a value that is more 
positive than Ey while in a reduction reaction the value is more 
negative. Most common analytical amperometric technique is 
cyclic voltammetry (CV), where the potential of the working elec- 
trode is cycled at a constant rate between oxidation and reduction 
potential edge points. These scans enable CV to measure redox 
currents from multiple electro-active species with different Ey. The 
ability to detect DNA hybridization events with amperometry is 
dependent on the influence of the event on the measured electro- 
active species. For example, upon hybridization event the increased 
negative charge at the surface of the electrode (due to the nega- 
tively charged phosphate in the DNA) increases the repulsion 
forces between the hybridized DNA and negatively charged 
electro-active species in the bulk (e.g., ferricyanide). These repul- 
sion electrostatic forces impede the charge transfer kinetics of the 
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electro-active species oxidation reaction, resulting in decreased 
electrochemical currents. The same detection elements are true 
also for capacitive detection where instead of the generated elec- 
trochemical current, impedance variations at the electrode—electro- 
lyte interface (i.e., the electric double layer) are measured. These 
variations are usually detected by perturbing the interface with a 
small amplitude (5-50 mV) sinusoidal potential signal in different 
frequencies, and measuring changes in the amplitude and the phase 
of the resulted electrochemical current (1.e., electrochemical 
impedance spectroscopy—EIS). The Nyquist plot is the most com- 
mon representation of these changes that plots the imaginary part 
of the impedance as a function of the real part. This representation 
emphasizes overall resistive (bigger changes in the x-axis direction) 
or capacitive (bigger changes in the y-axis direction) changes in the 
system. The changes can be further analyzed with equivalent elec- 
trical models of the electrochemical system, calculating major para- 
meters (e.g., charge transfer resistance and double layer 
capacitance). Changes in the double layer capacitance and other 
parameters that define the overall potential of the electrode—elec- 
trolyte interface can be also detected with potentiometry. While 
maintaining the electrochemical current in the cell at a specific 
value (most common is 0 V vs. the counter electrode—Open circuit 
potential conditions) any accumulated charge will affect the 
measured electrochemical potential, such as during hybridization 
events. 

The specificity of the sensor is achieved using ssDNA oligomers 
that functionalize the surface of the electrode, and act as probes for 
complementary ssDNA targets in the tested solution. Upon inter- 
action of the probe with a complementary target hybridization 
event occurs. These events change the total electric charge present 
at the electrode-—electrolyte interface due to the negatively charged 
phosphate groups at the backbone of the ssDNA. Hybridization 
events can be detected by monitoring physical and chemical com- 
ponents in the electrochemical system that either involve non- 
faradaic reactions such as the double layer capacitance or faradaic 
reactions such as the charge transfer resistance. In order to induce 
faradaic currents, electro-active species that are affected by the 
DNA hybridization event are introduced. Hence, for higher num- 
ber of hybridization events a lower electrochemical current is 
measured. Other parameters that may affect the resulted electro- 
chemical current (and hence can be measured) are the length of the 
ssDNA oligonucleotide (probe and target) and point mutations in 
the ssDNA sequence. These variations induce smaller changes in 
the electrochemical system and require sensors with improved 
specificity and sensitivity. 

The last decade has witnessed an unprecedented convergence 
of biological, physical, chemical, and engineering sciences that 
allows the construction of novel hybrid biodevices. These 
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biodevices are utilized in various applications such as clinical diag- 
nostics, environmental monitoring, and biomedical research. One 
of the most common examples of these biodevices are microfluidic 
lab-on-a-chip (LOC) microsystems. These microsystems have the 
potential for integration with other technologies and miniaturiza- 
tion, leading to portability, high-throughput usage, and low-cost 
mass production. These translational technologies hold the poten- 
tial for improving the resolution, regulation, sensitivity, flexibility, 
and cost savings over more traditional approaches, bringing bench- 
top methods to the point-of-care. Integration of biosensors allows 
for label-free detection of various biomolecules and drastically 
reduces reagent volumes and response time required for analysis 
[4, 5]. There are many advantages when using electrochemical 
signals to perform biological and chemical detection in microfluidic 
systems. The fabrication is inherently less complicated since these 
sensors typically only require patterned electrodes to operate. In 
addition, electrical signals can be directly interfaced with most 
measurement instruments. However, new challenges are presented 
as these systems are miniaturized. The most important challenges 
to overcome include: sample preparation and mixing of fluids (due 
to the low sample volume and Reynolds number), physical and 
chemical effects (including capillary forces, surface roughness, 
chemical interactions between construction materials and analytes), 
and low signal-to-noise ratio (produced by the reduced surface area 
and volume) | 6]. 

Integration of DNA biosensing in microfluidic LOC devices 
provides portable diagnostic platforms that enable new capabilities, 
such as rapid screening of markers at the point-of-care or detection 
of pathogens in the environment [7, 8 |. These platforms have been 
developed in research where some have been translated to commer- 
cial biomedical products. A major advantage of LOC integrated 
DNA biosensors is the reduction in volume of sample and reagents. 
The reduced volume decreases costs of reagents and DNA sample 
preparation time, and provides rapid detection where only several 
copies of DNA are present. Here, we introduce the methods for 
fabrication and utilization of microfluidic LOC devices for the 
detection of DNA hybridization events. The device is composed 
of two main parts: an electrochemical sensing chip and a micro- 
fluidic sample manipulation chip. The design of the electrochemical 
chip contains an array of microelectrodes ordered in a grid [9, 10]. 
The microfluidic chip is a stack of two layers of microchannels: a 
bottom channel that is in contact with the electrochemical chip and 
acts as the assay channel, and a top channel that control the actua- 
tion of the valved system. Following fabrication of the chips and 
assembly of the device, a syringe pump, a pressurized air regulator, 
and a potentiostat are used to manipulate and sense DNA testing 
samples (Schemes 2a, b; Scheme 3 for controlled assembly and 
detection operations). 
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Electrochemical chip fabrication 
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Scheme 2 (a) Flow diagram of the device operation. Solid arrows indicate solution and gas flow. Dashed arrow 
indicates electrochemical information recording. (b) Methods flow of the device fabrication, assembly, and 
testing 
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Scheme 3 Valved-based controlled lab-on-a-chip for improved DNA hybridization detection. Left ssDNA 
probe assembly. Aight. ssDNA target detection due to DNA hybridization event. Adjusted from [9] with 
permission from Elsevier 


2 Materials 


2.1 Microfabrication 1. 4” Silicon wafer (single side polished, p-type, boron doped, 
Tools and Materials orientation 1-0-0, thickness 500 um, resistance 10-20 Q-cm; 
Ultrasil). 
2. 4” Borosilicate glass wafer (Promptar). 


3. Hexamethyldisilazane (HMDS; Dow Corning). 
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4. Shipley 1813 photoresist (positive resist; MicroChem). 
5. AZ 5214-E photoresist (image reversal resist; Hoechst 
Celanese). 
6. AZ 9260 photoresist (positive resist; MicroChem). 
7. SU-8 50 photoresist (negative resist; MicroChem). 
8. Microposit 352 developer (Rhom and Haas Electronic 
Materials). 
9. AZ 400K developer (Clariant). 
10. SU-8 developer (MicroChem). 
11. Gold etchant (no dilution; Transense). 
12. Chromium etchant (no dilution; Transense). 
13. Polydimethylsiloxane (PDMS) elastomer and curing agent 
(Dow Corning). 
14. Deionized water (DI; Purity: 18 MQ-cm). 
15. Dermatological punching tool (Healthlink). 


16. Plasma Enhanced Chemical Vapor Deposition (PECVD; 
Chamber pressure 1000 mTorr, Temperature 200 °C, RF 
power 20 W, Gasses: (a) N20 flow rate 710 sccm; (b) a com- 
position of 5% SiH; and 95% N3 gasses flow rate 170 sccm, 
SiO, growth rate 690 A/min; PlasmaLab System 100, Oxford 
Instruments). 


17. DC sputtering unit (For Chromium: Chamber pressure, 
10 mTorr, Argon flow rate 20 sccm, Supplied DC power 
200 W, Sputter rate 10 nm/min. For Gold: Chamber pressure 
10 mTorr, Argon flow rate 20 sccm, Supplied DC power 
200 W, Sputter rate 36 nm/min; ATC 1800-V, AJA 


International). 


18. E-beam evaporation system (For Titanium: Chamber pressure 
<2 x 10°° Torr, Supplied power to the e-gun 7.5 kW, Fila- 
ment current 150-200 mA, Evaporation rate 6-10 A/s. For 
Platinum: Chamber pressure <2 x 10~° Torr, Supplied power 
to the e-gun 7.5 kW, Filament current 150-200 mA, Evapora- 
tion rate 2-3 A/s; Denton). 


19. March Jupiter III Reactive Ion Etch (RIE) Oxygen Plasma 
system (Chamber pressure 400 mTorr, Supplied power 20 W, 
30 s exposure time; Nordson March). 


2.2 Device Operation 1. Tygon flexible tubing (OD 0.087”, ID 0.015”; Cole Parmer). 
Equipment 2. Tygon flexible adapter (OD 0.1875”, ID 0.0625”; Cole 


Parmer). 
3. 1 mL syringe (Beckton-Dickenson). 
4. Syringe pump (KDS230; KD Scientific). 
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2.3 Electrochemical 
Characterization 
Equipment 


2.4 Working 
Solutions 


. Potentiostat (660D; CH Instruments). 
. EC-Lab software (v10.33, Bio-Logic SAS). 


. Phosphate Buffer (PB): Monobasic Potassium Phosphate, 


Potasstum Phosphate Dibasic Anhydrous. Materials are mixed 
to yield pH 7.0. 


. Phosphate Buffer Saline (PBS): 10 mM PB, 100 mM Sodium 


Chloride (NaCl). 


. Ferrocyanide/Ferricyanide Electrochemical Testing Solution: 


5 mM Potassium Hexacyanoferrate(II) Trihydrate (Sigma- 
Aldrich), 5 mM Potassium Hexacyanoferrate(III) (Aldrich), 
10 mM PBS. 


. ssDNA Probe Incubation Solution: 10 mM PB, 100 mM 


Sodium Chloride (NaCl; Sigma-Aldrich), 10 uM Tris(2-car- 
boxyethyl)phosphate (TCEP; Aldrich), 1 M ssDNA Probe 
(see Table 1 for oligomers’ sequences). 


. Blocking Solution: 1 mM _ 6-mercapto-1-hexanol (MCH; 


Aldrich), 10 mM PBS. 


. SSC Buffer: 20x concentrated saline-sodium citrate buffer 


(SSC; Sigma), DI. Components are mixed to yield a 4x con- 
centrated SSC buffer. 


. Noncomplementary ssDNA Incubation Solution: l pM 


ssDNA oligomer (see Table 1 for oligomers’ sequences), SSC 
Buffer. 


Table 1 


List of ssDNA probe and target oligomers 


Name 


Sequence 


ssDNA probe #1 


Complementary 
ssDNA target #1 


ssDNA probe #2 


Complementary 
ssDNA target #2 


ssDNA probe #3 


100 nmole DNA oligo, 5’-HS-(CH3).-AAAGC 


TCCGATAGCGCTCCGTGGACGTCCC-3’ 
(Integrated DNA Technologies) 


100 nmole DNA oligo, 5’-GGGACGTCCACG 
GAGCGCTATCGGAGCTTT-3’ (Integrated 
DNA Technologies) 


100 nmole DNA oligo, 5’-HS-(CH2)6-ACGCG 
TCAGGTCATTGACGAATCGATGAGT- 3’ 
(Integrated DNA Technologies) 


100 nmole DNA oligo, 5‘’-ACTCATCGATTCG 
TCAATGACCTGACCCGT-3’ (Integrated 
DNA Technologies) 


100 nmole DNA oligo, 5’- HS-(CH3)s-ACCTAG 
ATCCAGTAGTTAGACCCATGATGA- 3’ 


(Integrated DNA Technologies) 
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3 Methods 


3.1 Microfluidic 
Valved-Based Arrayed 
Lab-on-a-Chip 
Fabrication 


8. Complementary ssDNA Incubation Solution: 0.01, 0.1, 1, or 
10 pM of the ssDNA target (see Table 1 for oligomers’ 
sequences), SSC Buffer. 


The microfluidic valved-based arrayed lab-on-a-chip device is 
designed to have two operations—actuation and sensing. The 
actuation part is based on a top layer of microchannels and valves 
made of PDMS. The sensing part is the bottom layer with assay 
channels and a layout of electrodes array that is designed to provide 
individually addressable working electrodes. By actuating the top 
microfluidic channels vertical and horizontal configurations are 
achieved, that expose either rows or columns of electrodes. This 
controlled actuation configurations enables addressable assembly of 
ssDNA probes on specific electrodes followed by parallel introduc- 
tion of ssDNA targets and DNA hybridization testing of multiple 
samples. 


l. Electrochemical chip fabrication (microfabricated chip is 
shown in Fig. 1 


2. An array of gold microelectrodes is fabricated using standard 
photolithography and thin film deposition technologies (see 
Note 1) using the following steps. 


(a) A 200 A thick layer of chromium followed by a 2000 A 
thick layer of gold are deposited on borosilicate glass 
wafers using a sputtering system. 


Contact pads for: 
CE WE RE 


wen Wus uiu 





Counter > << Reference 
electrodes <= =<—— electrodes 
(CE) Pee ee eae (RE) 

QP —s | J ji an 
Microfabrication a Microfabrication 
alignment mark Working alignment mark 


electrodes 
(WE; 9 sensors 
in 3 x 3 layout) 


Fig. 1 Photograph of the fabricated arrayed electrochemical chip (3.5 x 4 cm). 
Micromanipulators are used to connect to each one of the reference, counter, 
and working electrode pads. Adjusted from [9] with permission from Elsevier 
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3.2 Microfluidic 
Valved Chip 
Fabrication 


(b) A positive photoresist (Shipley 1813) is spun to create a 
uniform film ~1.6 um thick (spinning parameters: 
3000 rpm, 1000 rpm/s, 30 s). 

(c) The wafer is pre-baked for 1 min at 100 °C ona hot plate. 


(d) The wafer is exposed with 190 mJ/cm7 at 405 nm wave- 
length through a photomask. 


(e) The wafer is developed for 30 s in a 352 developer. 


(f) Gold etchant is used to etch the gold layer for 1:30 min. 


Chromium etchant is used to etch the chromium layer for 
~30 s. 


(g) The photoresist is stripped by rinsing with acetone, meth- 
anol, and iso-propanol. 


(h) The wafer is cleaned with 4:1 H,SO4-H,O, mixture 
(“Piranha” clean) for 1 min (see Note 2). 


3. A set of three platinum reference electrodes are patterned on 
the wafer. 


(a) An image reversal photoresist (AZ 5214-E) is spun to 
create a uniform film ~1.4 pm thick (spinning parameters: 
3000 rpm, 1000 rpm/s, 30 s). 

(b) The wafer is pre-baked for 1 min at 100 °C on a hot plate. 


(c) The wafer is exposed with 30 mJ/cm? at 405 nm wave- 
length through a photomask. 


(d) The wafer is further baked for 45 s at 125 °C on a hot 
plate. 


(e) The wafer is exposed with 1000 mJ /cm? at 405 nm wave- 
length without a photomask (Flood expose; see Note 3). 


(f) The wafer is developed for 2 min in 6:1 AZ 400K devel- 
oper and rinsed with DI. 


(g) A400 A thick layer of titanium followed by a 1600 A thick 
layer of platinum are deposited using an E-beam evapora- 
tion system. 


(h) The photoresist is lifted off in an ultrasonicated acetone 
bath for 5 min followed by rinse with acetone, iso- 
propanol, and DI. 


The microfluidic valve-based chip is comprised of two layers of 
microchannels made of PDMS; a bottom layer with assay channels 
and a top layer with valves (Fig. 2). Two different PDMS processes 
are used to create the molds and the PDMS chips for the dual layer 
stack of microchannels. 
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Top PDMS layer #2 — 


Vertical valve configuration 
(top left inlet is 
pressurized) 


Bottom PDMS layer #1 — 
Assay channels 


Top PDMS layer #2 — 
Horizontal valve 
configuration (bottom right 
inlet is pressurized) 





Fig. 2 Photograph of the entire assembled device. Assay channels are filled with 
green dye, and valve channels are filled with either blue or red dye for horizontal 
or vertical assay channels orientation, respectively. Adjusted from [9] with 
permission from Elsevier 


1. Dual layer molds fabrication 


(a) Assay channels mold fabrication (bottom layer) 


An adhesion promoter (HMDS) is spun on a blank 
silicon wafer (spinning parameters: 3000 rpm, 30 s). 


A first layer of a positive photoresist (AZ 9260) is spun 
on the wafer to create a uniform film ~11 pm thick 
(spinning parameters: 2400 rpm, 800 rpm/s, 60 s). 
The wafer is baked at 110 °C for 80 s on a hot plate. 


A second layer of a positive photoresist (AZ 9260) is 
spun on the wafer to create a final uniform film 
~24 wm thick (spinning parameters: 2100 rpm, 
700 rpm/s, 60 s). 

The wafer is baked at 110 °C for 210 s on a hot plate. 


The photoresist is rehydrated at room temperature for 
15 min (see Note 4). 

The wafer is exposed with 1200 mJ/cm* at 405 nm 
wavelength through a photomask. 

The wafer is developed (2-step development para- 
meters: step one—4:1 AZ 400K developer, 10 min. 
Step two—3:1 AZ 400K developer, 5 min). 


The profile of the photoresist is rounded by baking at 
115 °C for 90 s on a hot plate. 


Valves channels mold fabrication (top layer) 


A negative photoresist (SU-8 50) is spun on blank silicon 
wafer to create a uniform film ~100 pm thick (2-step 
spinning parameters: step one—600 rpm, 120 rpm/s, 
10 s. Step two—1150 rpm, 383 rpm/s, 27 s). 
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The wafer is pre-baked on a hot plate (2-step baking 
parameters: step one—ramp up from room tempera- 
ture to 65 °C at 300 °C/h and hold temperature for 
10 min. Step 2—ramp up to 95 °C at 300 °C/h and 
hold temperature for 30 min). 


The wafer is exposed with 2500 mJ/cm? at 405 nm 
wavelength through a photomask. 


The wafer is post-baked by ramping up to 95 °C at 
300 °C/h and holding temperature for 10 min on a 
hot plate. 


The wafer is developed for 10 min in SU-8 developer 
followed by rinse with iso-propanol and dry with 
nitrogen gun. 


Dual-layer microfluidic chip fabrication. 


The assay channels are formed using a 20:1 PDMS 
mixture (20 g of elastomer, 1 g of curing agent) that is 
completely degassed in a vacuum chamber for 20 min. 


The prepared 20:1 PDMS mixture is spun on the assay 
channels mold to create a uniform film ~55 um thick 
(spinning parameters: 1000 rpm, 90 s; see Note 5). 


The spun PDMS is cured in a box furnace (2-step 
parameters: step one—5 min ramp to 80 °C. Step 
two—80 °C for 17 min). 


The valve channels are formed using a 5:1 PDMS 
mixture (20 g of elastomer, 4 g of curing agent) that 
is completely degassed in a vacuum chamber for 
20 min. 


The prepared 5:1 PDMS mixture is poured over the 
valve channel mold and cured in a box furnace (2-step 
parameters: step one—5 min ramp up from room 
temperature to 80 °C. Step two—hold at 80 °C for 
17 min). 

Individual pieces are cut from the PDMS using a razor 
blade and aligned over the PDMS that was spun on the 
assay channels mold to form a stack of two layers (see 
Note 6). 


The dual layer PDMS is cured in a box furnace at 
80 °C for 3 h followed by cooling down for 3 h. 


Device assembly 


The dual layer PDMS stack is cut out using a razor 
blade and peeled away from the mold (see Note 7). 


A dermatological punch with a radius of 1 mm is used 
to punch holes in the PDMS stack to create both fluid 
and pneumatic inlets (see Note 8). 
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3.3 Microfluidic l. 
Valved Lab-on-a-Chip 
Operation 
2 
3 
4 
3.4 Electrochemical l. 


Activity Validation 


e The electrode chip is dipped in “Piranha” solution to 
clean the surface of any organic contaminants (Cau- 
tion! see Note 2). 


e The PDMS stack along with the electrochemical chip 
are placed face up in a RIE machine to expose each 
surface to oxygen plasma. 


e After exposure, a few drops of methanol are placed on 
the chip and the PDMS stack is aligned carefully over 
the electrodes (see Note 9). The methanol evaporates 
and the bond is allowed to set for 48 h. 


e Flexible tubing is connected to a plastic elbow or 
straight connector using a short flexible tube as an 
adapter. The connectors are attached to each of the 
hole-punched inlets in the device. 


e Assay channels inlets: A syringe is connected on the 
other end of the tubing and place the syringe in a 
syringe pump. The set of a syringe, a tube, and a 
connector is alternatively changed according to the 
required procedure steps in Subheading 3.3-3.5 and 
their corresponding working solutions. Valve channels 
inlets: the channels are filled with water using a syringe 
pump and connected to a pressurized air regulator. 


Hydraulic valve operation (Fig. 3a) is achieved using pressur- 
ized air (5 psi). The increase in pressure causes the PDMS 
membrane to bend downward closing the valve and sectioning 
the bottom assay channel, while releasing the pressure causes 
the valve to open (Fig. 3b). 


. Pressurized air is applied to the top left to form vertical micro- 


fluidic assay channels (Fig. 3c, top image), which results in 
three columns of three working electrodes, each can be func- 
tionalized with three different ssDNA probes. 


. Pressurized air is applied to the bottom right to form horizon- 


tal microfluidic assay channels (Fig. 3c bottom image), which 
results in a three-electrode system of three sensors, a counter 
electrode, and a reference electrode. 


. In all tested solutions, the assay channels are filled with the 


sample solutions at a flow rate of 30 pL/h using a syringe pump 
(see Note 10). 


Horizontal configuration is applied and the assay channels are 
filled with the reversible redox couple Ferrocyanide/Ferricya- 
nide Electrochemical Testing Solution to characterize the 
Nernstian electrochemical response of the device. 


. Cyclic voltammetry technique is applied using a potentiostat at 


25, 50, 100, 150, 200, and 250 mV/s scan rates for all nine 
working electrodes. 
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Fig. 3 Microfluidic valved-based device layout and operation. (a) Layout of the top valve configuration (blue or 
red) and the bottom assay (green) channels. Green circles are the punched inlet and outlet holes. (b) 
Schematic demonstrating valve actuation using hydraulic channel to pinch off the microfluidic assay channel 
below. Bottom—valve is opened when no pressure is applied. Top—valve is closed upon pressure applica- 
tion. (c) Photographs of the vertical (top) and the horizontal (bottom) valve configurations with the resulted 
assay channels orientation filled with red and green dyes. Thick arrows indicate fluid flow direction. Adjusted 
from [9] with permission from Elsevier 


Electrochemical characterization with a known redox couple 
demonstrates reversible Nernstian characteristics for all nine elec- 
trochemical sensors (Fig. 4). By corresponding to Randles—Sevcik 
equation where a linear relationship is demonstrated between the 
current peak and the square root of the cyclic voltammetry’s scan 
rate (Fig. 5) the electrochemical performance of the electrodes is 


validated. 
3.5 ssDNA Probe Vertical configuration is applied and each of the three separate micro- 
Modification channels is functionalized with a different ssDNA probe sequence. 


1. Each microchannel is filled with a different ss DNA Probe Incu- 
bation Solution and incubated for 3 h followed by rinsing with 
PBS (see Note 11). The incubation procedure functionalized 
the surface of the working electrode with the ssDNA probe. 


2. Each microchannel is filled with a Blocking Solution and incu- 
bated overnight (~18 h) followed by rinsing with PBS. 
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Fig. 4 Cyclic voltammograms for each of the nine working electrodes. The 
voltammograms are arranged in the same 3 x 3 grid as the physical sensor 
layout. Adjusted from [9] with permission from Elsevier 
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Fig. 5 (a) Cyclic voltammograms at 25, 50, 100, 150, 200, and 250 mV/s scan rates of a representative 
working electrode. (b) The influence of the square root of the scan rate on either the anodic (black squares) or 
the cathodic (red circles) peak currents according to the linear relation in Randles—Sevcik equation [11]. 
Adjusted from [9] with permission from Elsevier 


3.6 DNA 
Hybridization 
Detection 


Horizontal configuration is applied and each of the three micro- 
channel rows is filled with the tested solution. Cross-contamination 
of ssDNA targets from different solutions is prevented by the 
alternated operation of the valves; leakage of fluids from one row 
to another is blocked by the closed configuration of the valves. 


1. All three microchannels are filled with a control solution of SSC 
Buffer and incubated for 20 min (Background measurement). 


4 Notes 
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2; 


Each microchannel is filled with Ferrocyanide/Ferricyanide 
Electrochemical Testing Solution and impedance values of the 
electrochemical system are recorded for different frequencies 
using a potentiostat connected to the working, counter, and 
reference electrodes (EIS parameters: frequency range from 
100 kHz to 1 Hz, 12 frequency data points per frequency 
decade, 25 mV amplitude, 0 mV polarization versus the refer- 
ence electrode; electrode connection configuration is described 
in Fig. 1). EIS measurements are repeated for each of the 
working electrodes three times (see Note 12). 


. Microchannels are filled with a noncomplementary ssDNA 


Incubation Solution and incubated for 20 min. 


. Electrochemical testing is done by filling each microchannel 


with a Ferrocyanide/Ferricyanide Electrochemical Testing 
Solution and performing EIS recordings (EIS parameters: 
frequency range from 100 kHz to 1 Hz, 12 frequency data 
points per frequency decade, 25 mV amplitude, 0 mV polari- 
zation versus the reference electrode). EIS measurements are 
repeated for each of the working electrodes three times (see 
Note 12). 


. Microchannels are filled with a Complementary ssDNA Incu- 


bation Solution and incubated for 20 min. 


. DNA hybridization measurements are done by filling each 


microchannel with a Ferrocyanide/Ferricyanide Electrochemi- 
cal Testing Solution and performing EIS recordings (EIS para- 
meters: frequency range from 100 kHz to 1 Hz, 12 frequency 
data points per frequency decade, 25 mV amplitude, 0 mV 
polarization versus the reference electrode). EIS measurements 
are repeated for each of the working electrodes three times (see 
Note 12). 


. EIS recordings (Fig. 6) are analyzed using an equivalent 


electrical circuit (Fig. 7a; see Note 13) and lumped compo- 
nents of the electrochemical system are calculated (Fig. 7b, c; 
see Notes 14 and 15). 


. Parameters of each of the process steps may change due to 


environmental effects (e.g., temperature and humidly), type 
of chemicals and tools (e.g., storage time and vendor brand), 
and the user (e.g., skills and experience). Therefore, these 
parameters should be optimized to fit the relevant 
environment. 


. CAUTION! This solution is a strong oxidizer and potentially 


explosive. 
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Fig. 6 Nyquist plot of impedance spectroscopy measurements demonstrating 
the influence of the concentration of the complementary ssDNA target on the 
biosensing mechanism (Arrow indicates increasing ssDNA target concentrations; 
1 uM noncomplementary ssDNA target concentration). Adjusted from [9] with 
permission from Elsevier 
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Fig. 7 (a) Diagram of a diffusion-restricted electrical equivalent circuit that is used for the analysis of the 
impedance spectroscopy measurements. A, is the solution resistance, A,;is the charge transfer resistance, Car 
is the electrode—electrolyte double layer interface, and M is restricted linear ordinary diffusion impedance 
element with a reflective boundary. The influence of the complementary ssDNA target concentration on the 
calculated change from noncomplementary target ssDNA of (b) charge transfer resistance—A,, (coefficient of 
variation = 47%) and (c) restricted diffusional resistance—A,, (coefficient of variation = 75%) components. 
Mathematical expressions of the electrical components are listed in Table 2. Adjusted from [9] with 
permission from Elsevier 
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3. 


10. 


ll. 


12, 


13. 


14. 


15. 


We experienced variable exposure time values on glass sub- 
strates due to their reflective properties and unintentional 
rehydration in high humidity environment. 


. Rehydration time is based on humidity and can vary between 


15 min and 24 h. 


. PDMS mixture should be poured slowly to prevent formation 


of air bubbles in the spun PDMS. 


. Alignment marks can be drawn in the molds’ masks to ease the 


alignment between the top and bottom PDMS layers. 


. The PDMS stack should be pilled slowly and gently to prevent 


tearing of the thin bottom layer. If the bonding between the 
bottom layer PDMS and the mold is too strong which prevents 
pilling off the dual layer stack, a modification step of the mold 
with trimethylchlorosilane that is evaporated under vacuum 
conditions can be added prior to spinning the PDMS (i.e., 
step c in Subheading 3.2.2a). The chemical agent covers the 
surface of the mold, a step that will ease the subsequent thin 
film PDMS release. 


. The dermatological tool can be twisted during the puncture of 


the inlet holes which helps preventing from partial removal of 
the dual layer punched PDMS. 


. Methanol allows the user to slide the PDMS over the chip and 


to provide better alignment. 


Valve’s membrane may stick to the glass substrate and prevent 
from filling the assay channels. Changing the flow direction in 
the syringe pump a couple of times helps releasing the mem- 
brane and filling the whole channel. 


We experience improved coverage of the electrode with ssDNA 
probes for longer incubation periods. 


The polarization potential between the working and the reference 
electrodes shall be optimized by application of different DC bias 
potentials that will yield high signal-to-noise ratio values. 


The presented equivalent electrical circuit is used as an example 
and other circuits are available to model the chemical and 
physical reactions of the electrochemical system. In the exam- 
ple here the components of the circuit and their mathematical 
expressions are listed in Table 2. 


Equivalent electrical circuit fitting is done with EC-Lab 
software. 


A detailed video about the fabrication and testing methods of 
DNA hybridization detection can be seen in [12]. 
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Table 2 


The electrical equivalent circuit elements incorporated into the presented 
bioelectrical model and their corresponding impedances 


Electrical element 


Solution resistance (R,) 
Double layer capacitance (Cz) 
Charge transfer resistance (R,+) 


Restricted linear diffusion with reflecting 
boundary (M). @ is the radial frequency, 


Corresponding impedance 
expression 


R; 
1/jwCa 
Ra 





R, 1s the diffusional resistance, and 7, is 
the diffusional time constant. 
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Chapter 7 


Enzymatic Detection of Traumatic Brain Injury Related 
Biomarkers 


Brittney A. Cardinell and Jeffrey T. La Belle 


Abstract 


Electrochemical detection methods have been popular in the medical diagnostics field. Several well-known 
devices such as the self-monitoring blood glucose meter have relied on electrochemical techniques for their 
sensitivity, and ability to make direct measurements without optical labels. Currently, no point-of-care or 
handheld diagnostic tool exists to quantify the severity of a traumatic brain injury (TBI). We have shown 
that enzymatic detection of norepinephrine (NE), a biomarker which can indicate TBI severity, using 
impedance-based electrochemical techniques can achieve the required sensitivity, ~100 pg/mL. Further- 
more, the first steps have been taken to quantify NE in whole blood solutions and to optimize the technique 
for a handheld device. 


Key words Biosensor, Enzyme, Biomarker, Norepinephrine, Traumatic brain injury, Electrochemical 
impedance spectroscopy, Impedance time, Point-of-care technology 


1 Introduction 


Traumatic brain injury (TBI) is the leading cause of injury-related 
deaths in the USA (>1.7 million), resulting in $60 billion in direct 
and indirect annual costs [1, 2]. Moreover, 40% of TBI survivors 
have negative and often permanent long-term outcomes including 
cognitive, physical and/or sensory deficits post-injury [3]. 
Currently, TBI is diagnosed in a clinical setting using the Glasgow 
Coma Scale (GCS), which is a score resulting from the assessment 
of verbal, eye, and motion responses, and is often accompanied by 
computerized tomography (CT) imaging in moderate to severe 
cases |4, 5]. Although TBI awareness has increased with improved 
recognition of its signs and symptoms, the barrier to progress lies in 
the minimal advancements in diagnostic and treatment modalities 


for TBI [6]. 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
DOI 10.1007/978-1-4939-6911-1_7, © Springer Science+Business Media LLC 2017 
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With increasing awareness regarding TBI and its detrimental 
effects, the need for a point-of-care technology (POCT) to rapidly 
diagnose TBI and predict the resulting outcomes has become vital. 

The catecholamines, including norepinephrine (NE), have been 
shown to correlate to trauma, such as TBI events | 7—9 |. Asymptom- 
atic blood concentrations of norepinephrine in blood range from 70 
to 1.7 ng/mL [10]. Catecholamine blood concentrations fluctuate 
and can reach levels of 49 ng/mL or higher, depending on severity 
to trauma sustained | 11]. Several studies have shown that norepi- 
nephrine blood concentrations within 1-7 days of injury strongly 
correlate with severity of the TBI [7, 11]. Hamill, et al., reported 
that norepinephrine levels were strongly correlated in mild to 
moderate TBIs and increased four to five times post injury. While 
the half-life of catecholamines in the blood are on the order of 
minutes [12], the concentrations continue to fluctuate on the 
order of days as the injury begins the healing process, thus with a 
low-cost POCT with a low limit of detection, norepinephrine levels 
can be quantified as often as necessary. Thus, it is the goal of this 
work to employ electrochemical methods to enzymatically quantify 
the TBI biomarker, norepinephrine. 

Electrochemistry is the study of electrical effects such as 
current, and correlating that information to another phenomenon, 
such as a chemical change | 13]. This is often achieved using a three- 
electrode system: working, counter, and reference electrodes, 
which can be made ofa variety of materials. The counter electrodes 
provides the stimulating signal while the working electrodes mea- 
sures the resulting signal with respect to the reference electrode 
(like a multimeter using two leads to measure current). In the fields 
of medical devices and biosensors, several very popular modes of 
measuring physiologically relevant molecules include potentiomet- 
ric, amperometric, and impedimetric techniques [13]. An example 
of a potentiometric technique is cyclic voltammetry (CV), which 
stimulates the solution with a saw-tooth voltage wave, while cur- 
rent is measured (Fig. la). The self-monitoring blood glucose 
meter uses the more sensitive Amp-it technique which applies a 
DC voltage (typically the oxidation potential informed by the CV) 
to the solution as current is measured over time. Two impedance- 
based techniques are used in this work: electrochemical impedance 
spectroscopy (EIS) and the impedance-time (Z-t) technique. 
The EIS technique uses an AC voltage signal which changes 
frequency over time to stimulate the solution and measures the 
resulting AC current signal, then compares the phase and ampli- 
tude differences to generate a Nyquist plot as shown in Fig. 1b 
[13, 14]. The Z-t technique works very similarly, however the AC 
voltage signal does not change frequency and yields a complex 
impedance versus time plot (Fig. 1c). One advantage Z-t has over 
EIS is that it requires less hardware to generate the stimulating 
signal while maintaining the same sensitivity, and is therefore more 
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Fig. 1 Panel (a) shows the stimulating saw tooth voltage signal which produces the cyclic voltammogram at 
the right to obtain oxidation and reduction information from. Panel (b) depicts the AC voltage stimulating signal 
in the EIS technique and the gray measured current signal which results in the right Nyquist curve where the 
y-axis is imaginary impedance and x-axis is real impedance (showing [NE] = 1, 50, 500, and 5000 pg/mL). 
Panel (c) illustrates the simplified Z—t signal which measures the same thing EIS does, but the stimulating 
signal does not change frequency, resulting in an amp-it-like graph at the right on a 500 pg/mL NE solution 
(from the top: 368, 321, 3676, 46,300 Hz) 


preferable for a handheld device. These impedance techniques are 
sensitive enough to detect analyte concentrations in the low 
pg/mL range and can to quantify whole cells, proteins, neurotrans- 
mitters, DNA, or aptamers [| 14, 15]. 


2 Materials 


2.1 Equipment The equipment required to carry out these experiments include a 
660C CH Instruments Electrochemical Analyzer (CHI, Austin, 
TX, USA), an analytical scale such as the Ohaus EX224 analytical 


92 Brittney A. Cardinell and Jeffrey T. La Belle 


2.2 Electrochemical 
Reagents 


balance, and a VWR Digital Vortex Mixer (VWR, Randor, PA, 
USA), referred to as vortexer. The CH Instruments accessories 
used include the 2 mm gold disk working electrode (CHI 101), a 
silver—silver chloride wire (CHI 112) which was removed from its 
glass casing and used as the reference electrode, and a platinum wire 
(CHI 115) used as the counter electrode. 


All chemical reagents are purchased from Sigma-Aldrich, St. Louis, 
MO, USA unless otherwise stated. The following are the general 
and immobilization solutions created to run the electrochemical 
experiments described in Subheading 3. 


1. 10 mM phosphate buffer saline (PBS, EMD Chemicals, Bill- 
erica, MA, USA) is made by dissolving one tablet in 1 L of 
deionized (DI) water. 


2. 100 mM Potassium hexacyanoferrate (III) salt is dissolved in 
10 mM Phosphate Buffer Saline to create the redox probe 
solution. 10 mL of 100 mM redox probe is more than sufficient 
for these studies (see Note 1). For the rabbit blood protocol, 
higher concentrations of redox probe are required, 5 mL of 
1000 and 200 mM ferricyanide solutions were also prepared. 


3. The self-assembling monolayer solution, 1 mM 16- 
mercaptohexadecanoic acid (16-MHDA), is made by dissol- 
ving the white powder in ethanol. Store this solution in a dark 
drawer until needed. 


4. Based on the total volume needed (depending on the number 
of GDEs to be immobilized), determine the volume needed of 
N-(3-Dimethylaminopropyl)- N’-ethylcarbodiimide (EDC) to 
make the solution 10 mM (each GDE requires 100 uL of this 
solution). Use a 10 pL Gastight 1801 Syringe from Hamilton 
Company (Reno, NV, USA) to draw up the correct amount of 
EDC from the septum-covered EDC bottle. Next, weigh out 
the appropriate mass of the white powder N-hydroxysulfosuc- 
cinimide sodium salt, henceforth called NHS (Toronto 
Research Chemicals, Toronto, Ontario, Canada) to make an 
80 mM solution and add to the EDC solution. Lastly, add the 
required volume of PBS and vortex. The purpose of this solu- 
tions is to prime the end of the MHDA coming off the GDE 
for enzyme attachment. The solution is stored in the 4 °C 
refrigerator until needed. 


5. The enzyme sensitive to norepinephrine, phenylethanolamine 
N-methyl transferase (PNMT), was purchased from Calzyme 
(Tulelake, CA, USA). 1 mg of this lyophilized powder was 
suspended in 1 mL of 10 mM PBS (this is enough to immobi- 
lize 10 GDEs). The solution is stored in the 4 °C refrigerator 
until needed. If desired, a NanoDrop instrument can be used 
to verify the concentration of the enzyme (or any protein). 


3 Methods 


3.1 NE and Whole 
Blood Solution 
Preparation 
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6. The blocking solution is 99% ethanolamine diluted to 1% etha- 
nolamine in DI. Store this solution in a dark drawer until 
needed. 


7. The solutions tested contained two parts DL-norepinephrine 
hydrochloride to one part PNMT cofactor, S-(5/-adenosyl)-L- 
methionine chloride dihydrochloride (SAM) in PBS. The 
whole blood used in these experiments is obtained from 
White New Zealand rabbits, stabilized with K2-EDTA from 
Bioreclamation LLC (New York, USA). The process for 
making these solutions is described in the next section. Store 
these solutions in the 4 °C refrigerator until needed. 


The following steps are required to create the purified (no blood) 
NE + SAM solutions via serial dilution (see Note 2). The desired 
concentrations for the EIS and Z-t NE + SAM gradients: 0, 1, 5, 
10, 50, 100, 500, 1000, 5000, 10,000 pg/mL of NE, where 0 pg/ 
mL is the blank (DO = PBS only) and 10,000 pg/mL is the highest 
concentration (D9). However, since each measured/tested solu- 
tion is 100 pL in total volume: 50 uL is a mixture of NE + SAM 
dissolved in PBS, while the other 50 pL is 100 mM redox probe. 
So, in our calculations, we must take into account that whatever 
concentration of NE is present in the gradient we create, it is 
effectively cut in half when the redox probe is added and the 
electrochemical measurement is taken. Therefore, the NE + SAM 
solutions which are actually made are 0, 2, 10, 20, 100, 200, 1000, 
2000, 10,000, 20,000 pg/mL to account for the fact that each 
solution will be diluted by half in the final tested solution. 


1. Create the stock solution: 0.5 mg of NE plus 0.25 mg of SAM 
(half of the NE mass) in 1 mL of PBS. Vortex at a speed of 
1500. 


2. Determine the volume required for each solution in the gradi- 
ent (1 NE + SAM gradient = 1 GDE). If 50 uL of each 
NE + SAM solution in PBS is required to create one test 
solution, the total volume required depends on how many 
replicates will be measured. For example, if we want to have 
three replicates (requires 3 GDEs) of each solution, we need at 
least 150 pL of each NE + SAM gradient solution. However, in 
a serial dilution, part of one solution is used and diluted with 
more PBS to make the next smallest dilution. Therefore we 
must make more than 150 uL of each NE + SAM solution. 
These calculations take some trial and error, but in general it 
takes at least double the amount of what is needed to run the 
electrochemical tests to make the next gradient. In this case, 
every dilution in the NE + SAM gradient is 350 uL: 150 uL is 
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used to run three electrochemical tests, and 200 pL may be 
used to make the next dilution. Now, we can calculate what 
mass of NE and SAM will be required and what volume of 
additional PBS will be needed to create 350 uL of each gradient 
solution. 


(a) 


First, we start with the stock solution (0.5 mg/ 
mL = 500,000,000 pg/mL) to create 350 uL of 
D9 = 20,000 pg/mL. Using the following equation, 
we can determine what volume of the stock is required 
to make the D9 solution: 


Ci Vi = C2Va, 


where G is the concentration of the stock solution, C3 is 
the concentration of D9, Vj is the volume required from 
the stock to create D9, and V> is the amount of D9 we 
need to make. 


Since we want to know Vj, this equation can be rear- 
ranged to 


_ OrV2 


Vy C, 





In this example, we plug in 500,000,000 pg/mL for G, 
20,000 pg/mL for C (the units for the concentrations 
must match), 350 uL for Vz to obtain the volume of the 
stock needed to create D9: 


(20000 pg/mL) * (350 pL) 


500, 000, 000 pg/mL 


Based on this calculation, 0.014 uL of the stock solution 
is added to 349.986 uL of PBS (the desired 
350 — 0.014 uL = 349.986 uL) creates 350 uL of D9. 
However, if you do not have a pipette which can reliably 
measure out 0.014 uL, simply increase the 350 uL vol- 
ume until you get a Vı which can be measured out. 


The next calculation to make D8 from D9 will be the 
same, but instead C, = 20,000 pg/mL, 
C, = 10,000 pg/mL, Vz is still 350 uL, and as long as 
the calculated V} is below the 200 uL we have allotted to 
make the next dilution, these calculations can be 
repeated for the remainder of the solutions. If Vj ever 
exceeds 200 uL, increase Vz to adjust, but be sure that 
increasing V2 leaves enough of the stock solution to run 
the three electrochemical tests. 


3.2 Electrochemical 
Cell Setup 
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For the blood solution measurements (see Note 3), a different 
NE + SAM gradient must be made. Four sets of blood solutions 
were created: 5, 10, 25, and 90% whole blood solutions. 


l. The 5, 10 and 25% whole blood solutions were structured 
the same way, still 100 uL total volume: 25 pL of 200 mM 
ferricyanide, 25 pL of 4x NE + SAM in PBS solution, 
50 uL of whole blood in PBS. In these cases, instead of 
multiplying the desired concentration of NE by 2, as in the 
purified case previously described, the NE + SAM gradient 
is instead: 0, 4, 20, 40, 200, 400, 2000, 4000, 20,000, 
40,000 pg/mL. Also, 50 uL of the whole blood solution is 
only 50% of the total volume, if the desired effective whole 
blood concentration is 5%, then 50 pL of a 10% blood 
solution must be added to the NE + SAM and redox 
probe solutions. If we wanted to make 2 mL of a 10% 
blood solution (which would end up as the 5% blood 
solution) we would mix 200 uL of whole blood with 
1.8 mL of PBS. The calculations to create the NE + SAM 
gradient, as described in the purified case, still apply here. 
In this n = 1 case, we needed only 25 uL of each dilution. 
However, because this gradient can be used for 5, 10, and 
25% n = 1 measurements, 75 uL of each dilution is 
required, thus V> = 400 pL (75 pL for the measurements, 
and 325 uL to make the next solution). 


2. The 90% whole blood solutions were structured differ- 
ently, though still 100 pL total volume: 5 uL of 
1000 mM ferricyanide, 5 pL of 20x NE + SAM in PBS, 
and 90 uL of 100% whole blood. In this case, instead of 
multiplying the desired concentration of NE by 2, as in the 
purified case previously described, the NE + SAM gradient 
is instead: 0, 20, 100, 200, 1000, 2000, 10,000, 20,000, 
100,000, 200,000 pg/mL. In this n = 1 case, we needed 
only 5 uL of each dilution, thus Vy = 50 uL (5 uL for the 
measurements, and 45 pL to make the next solution). 


A three electrode electrochemical cell is used to make impedance 
measurements in both the Z-t and EIS cases. The three electrode 
materials include: one 2 mm gold disk working electrode (GDE), 
one Ag/AgCl wire (d = 0.5 mm) reference electrode, and one 
platinum wire (d = 0.5 mm) counter electrode (all purchased 
form CH Instruments, Austin, TX, USA). See Note 4. 


1. As shown in Fig. 2, a makeshift well is created by cutting off the 
tapered end of a 1 mL pipette tip, and the end which interfaces 
with the pipette slides over the GDE to make a water tight seal. 


2. The reference and counter electrode wires are bent into the well and 
Scotch taped to the outside of the pipette tip to prevent movement. 
The wires should be ~2 mm from the top of the GDE surface. 
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Fig. 2 (a) Picture of the actual electrochemical three-electrode system setup on a ring stand. The yellow 
solution is the redox probe + target + cofactor solution. The red clip is connected to the Pt counter wire 
electrode, the white clip is connected the reference Ag/AgCl electrode and the green clip is connected to the 
brass connection to the working gold disk electrode. (b) is a schematic of the electrochemical cell setup 
including all three electrodes and makeshift well (with a sample inside) 


3. The alligator clips from the electrochemical analyzer are 
connected to the wire electrodes directly and the brass connec- 
tion for the GDE. In the CHI system, green connects to the 
working electrode (GDE), red connects to the counter elec- 
trode (Pt wire), and white connects to the reference electrode 
(Ag/AgCl wire), the black clip if available is ground. 


4. The 100 uL sample or test solution can be pipetted into the 
makeshift well and should make contact with all three electro- 
des, and is ready for measurement. 


3.3 Sensor This immobilization process is used for all the electrochemical 
Preparation/ techniques used in this work: purified and whole blood EIS, and 


Immobilization [14,15] Z-t. 


1. The first step of the immobilization process is to ensure the GDE 
surfaces are clean. The GDEs may be brand new and the sulfur 
from its protective cap must be removed, or the remnants of a 
previous functionalization must be removed. This is accom- 
plished using 0.05 um alumina oxide wetted with DI water on a 
fine polishing pad (kit purchased from CHI). The GDE surface is 
rubbed on the polishing surface in a figure eight motion 
applying only a little more pressure than you might use to write. 
The GDEs are well rinsed and dried with a Kimwipe tissue, then 
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Top view of acrylic piece which holds GDEs 
in place when side nylon screws are tightened. 
This piece sits on top of the 100 mL beaker. 


a | | 
| +—— Inverted GDEs 
—" Side view of acrylic piece shown at left 
Nylon screws ——* Mm ao s 8 which holds the GDEs in place 


+——— Thin acrylic pieces to 
hold beaker out of water 






pes) wag 
Beaker partially filled with water 
(in which GDEs are submerged), 
j= =f] which rests on thin acrylic piece. 


The beaker is partially submerged 
in the sonicator’s water bath. 
+—— Cut out side view of 

sonicator’s water bath 


Fig. 3 A schematic of the sonicator apparatus to clean the GDEs. The /eft side is a top view of the GDE holder 
with screws on the side. The right image shows how the beaker and acrylic pieces sit on the sonicator’s bath, 
and the beaker’s water level nearly matches the water level in the sonicating bath 


placed in a beaker with fresh DI. It is important that the GDEs 
remain in clean DI as gold will become dirty sitting in air. 


2. Once all the GDEs you plan to use are clean, they must be 
sonicated for 20 min in DI. As shown in Fig. 3, we have a 
homemade acrylic apparatus with holes for the GDEs to be 
placed through. In the side of this apparatus, the holes 
have been threaded so nylon screws can be used to tighten the 
GDEs into a secure position. The bottom of this acrylic piece 
has been cut so it can securely sit on top of a 100 mL beaker. 
This beaker is filled with DI, and the GDEs are inverted into the 
DI. This acrylic/beaker apparatus is placed on another acrylic 
piece which has been cut out to hold the beaker in the sonicator 
bath. Sonication for 20 min is used to remove any remaining 
contaminants and alumina oxide. Once finished sonicating, the 
GDE can be stored in DI in full 1 mL pipette tips which have 
been parafilmed at the tapered end. 


3. Before the immobilization occurs, the GDEs are checked that 
they are actually clean. This is accomplished by running a cyclic 
voltammogram and EIS on each GDE in the echem cell setup 
described in the previous section. 100 pL of 100 mM ferricya- 
nide is pipetted into the makeshift well and a CV is run using 
the following parameters: 


e Initial E: —1 V; High E: 1 V; Low E: —1 V. 
e Initial Scan Polarity: Negative. 

e Six segments. 

e Scan rate: 0.01 V/s. 

e Sensitivity: 1E-03 A/V. 
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Fig. 4 (a) This CV of 100 mM ferricyanide is used to calculate the formal potential of the cleaned GDE. The 
graph shown in (b) is an example of a clean and unmodified GDE after running EIS on 100 mM ferricyanide 
using the formal potential calculated using the CV information 


Once the CV is complete, the formal potential must be calcu- 
lated: the voltages at which the oxidation and reduction max 
current occurs are averaged. As shown in Fig. 4a, the oxidation 
peak occurs at 0.2 V, and the reduction peak occurs at 0.08 V. 
Therefore, the formal potential is calculated as follows: 


EP — (Oxidation Potential + Reduction Potential) 
7 2 
_ (0.20V + 0.08 V) _ 0 ]4Vv. 


2 


Next, the GDE is rinsed with DI and tapped on the edge of the 
waste container to remove excess water. The GDE is put back 
into the echem cell setup, a new 100 uL of 100 mM ferricya- 
nide is pipetted into the makeshift well and EIS is run using the 
following parameters: 


e Initial E: 0.14 V (formal potential of GDE). 
e High frequency: 100,000 Hz; Low frequency: 1 Hz. 
e Amplitude: 0.005 V. 


Figure 4b shows the Nyquist results for a clean GDE. The 
general Warburg shape of the Nyquist seen in Fig. 4 indicates 
a diffusion dominated system and the real impedance on the 
x-axis is around or less than 100 Q means that the GDE is 
sufficiently clean. The GDEs should again be stored in DI in a 
parafilmed pipette tip when not in use. If the real impedance is 
higher, and/or the Nyquist plot looks like a Randles (electron 
transfer dominated system) instead of a Warburg (Randles is 
shown in Fig. 5), re-polish and sonicate the GDE and make 
sure the wire electrodes are clean. 
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Fig. 5 This post-MHDA EIS Nyquist plot shows how the impedance significantly 
increases and changes shape as a result of the GDE surface being coated with 
the self-assembling MHDA layer 


4. Now that the GDEs have been confirmed to be clean, the immo- 
bilization process can commence. The alkane-thiol self- 
assembling monolayer solution is 1 mM 16-MHDA in ethanol; 
100 uL of this solution is required for each GDE. 1 mL pipette 
tips are cut to create incubation wells (one pipette tip for each 
GDE). Once the incubation wells are placed onto each GDE, 
100 uL of the 1 mM 16-MHDA solution is pipetted into the 
wells, the tops of the wells are covered with Parafilm, and the 
GDEs are allowed to incubate for 1 h at room temperature in a 
drawer (the 16-MHDA solution is light sensitive). 


5. While the 16-MHDA is incubating, cut more 1 mL pipette tips 
for the next four incubation periods. Once the 16-MHDA 
incubation is complete, remove and discard the incubation 
well and carefully rinse the GDE with DI (see Note 5). Then 
place a new cut pipette tip over each GDE. Do not add any 
liquid, not even DI. Parafilm the top of the empty pipette tip 
and store the GDEs in a drawer overnight to allow the self- 
assembly process to occur. 


6. The following day, EIS (using the same formal potentials used 
in step 3) is run on each GDE with a test solution of 100 pL 
100 mM ferricyanide. This time, the Nyquist curve should have 
a Randles shape, as shown in Fig. 5, with significantly higher 
impedances on both axes. Generally, the real impedance should 
be higher than 107% Q. Recover the GDEs with the empty dry 
parafilmed pipette tips while the next solution is prepared. 
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ce 


10. 


Pipette the EDC/NHS solution using a new pipette tip incu- 
bation well, parafilm the top and allow to incubate at room 
temperature for 1 h. If the solution is not going to be used 
right away, store it at 4 °C until needed (use the same day). 
While waiting for the EDC/NHS solution to incubate, it is 
recommended that the remaining solutions be prepared 
(enzyme and ethanolamine solutions). 


. At the end of the EDC/NHS incubation time, rinse the GDEs 


with DI and place a new cut pipette tip on the GDE. Pipette 
100 uL of the PNMT enzyme solution onto each GDE, paraf- 
ilm the top and allow to incubate at room temperature for 1 h. 
If there is any remaining solution, it can be frozen at —20 °C 
until the next immobilization. Avoid repeated freeze-thaw 
cycles. While the enzyme is incubating, it is recommended 
that the NE + SAM concentration gradients be made, as 
described in Subheading 3.2. 


. After the PNMT incubation, discard the incubated enzyme 


solution, rinse the GDEs with PBS, place a new cut pipette 
tip on the GDEs and pipette 100 uL of the 1% ethanolamine 
solution onto each GDE. Parafilm the top and allow to incu- 
bate at room temperature for 30 min. The purpose of this 
solution is to block unbound MHDA and unbound GDE 
surface so the target molecule will not nonspecifically bind; 
only target that binds to the enzyme will generate a signal. 


Once the ethanolamine solution has finished incubating, per- 
form the final rinse with PBS, and (using whole 1 mL pipette 
tips) store the GDEs in PBS at 4 °C until needed. Allow the 
GDEs to remain at 4 °C for at least 15 min before beginning 
the first concentration gradient. Once functionalized, it is 
recommended that each GDE be used to run one gradient 
within 24 h, but this depends on the stability of the protein 
used to functionalize the GDE surface. 


3.4 EIS The purified NE + SAM gradient EIS measurements will be 
Measurements very similar to the EIS measurements described in step 3 of Sub- 
heading 3.2 (see Note 6). The parameters and set up are the same. 


iF 


2. 


The first solution to be run is a blank (50 pL of DO and 50 uL of 
100 mL redox probe). 


Once a measurement is completed, the GDE is carefully rinsed 
with PBS. 


. The previous solution is discarded before the next solution is 


placed in the same makeshift well for the next reading (D1, 
etc.) until the full gradient is completed on the same GDE 
(lowest concentration first, highest concentration last). 


Table 1 
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This table shows the raw EIS.txt data for one concentration on one GDE pasted into Excel 


Sept. 30, 2011 17:18:08 


A.C. impedance 


1.00 pg/mL 


File: h:\_labelle\data\pnmt&sam\pnmt&sam &ne\cis\immob#3\| ne |gradient\gde2_red\gde2_red_d1_2. 


txt 


Data source: experiment 
Instrument model: CHI660C 


Header: 
Note: 


Init E (V) = 0.24 


High frequency (Hz) = le + 5 


Freq/Hz 
96680.00 
81050.00 
66410.00 
54690.00 
45900.00 


Z' /ohm 
78.03 
77.83 
79.96 
81.08 
82.64 


Z" /ohm Z/ohm Phase/deg 
—24.58 81.81 —17.50 
—25.68 81.96 —18.30 
—29.41 85.20 —20.20 
—32.65 87.40 —21.90 
—37.02 90.55 —24.10 


This table extends to all frequencies measured (lowest value is 1.184 Hz) 


The blood EIS measurements were conducted in the same way 


as the purified EIS measurements with the exception that the 
electrochemical cell setup was also rinsed with PBS between each 
measurement to rinse out residual blood (see Note 3). 


3.5 EIS Data Analysis l; 


Once all the GDE gradients have been run, it may be necessary 
to convert the raw data files (in the CHI system these are .bin 
files) to .txt files using the CHI software (see Note 7). The raw. 
txt data is copied and pasted into an Excel workbook. The raw 
data should have five columns: Frequency (Hz), Z’ (Q), Z” (Q), 
Z (Q), and Phase (deg). See Table 1. 


. The complex Z (Q) column for each NE + SAM concentration 


is extracted from the raw data (ten columns total, one for each 
D0-D9). See Table 2. 


. Two columns are calculated at each frequency for all concen- 


trations: natural logarithmic slope (complex impedance is left 
alone and the natural log of NE concentration is taken) and R? 
of the natural log fit. The slope of the In| NE + SAM] versus 
complex impedance provides the general responsivity of the 
sensor while the R? provides insight as to the reproducibility 
of the sensor. See Table 2. 
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4. An optimum frequency (which is ideally the frequency where 
the highest slope and R? occur) is determined from replicated 
GDEs. Firstly, in our experience, the highest slope and R? 
rarely coincide at the same frequency. Thus the optimal fre- 
quency is a tradeoff between high response (slope) and repro- 
ducibility (R^), see Table 3. But it is more important to have a 
predictable system than a higher signal, thus, the optimal fre- 
quency is selected based more on the reproducibility rather 
than response. A word of caution, a 0.99 R? on a line with a 
slope of 0.1 Q/In(pg/mL) means you have a wonderful fit to a 
very flat line (no signal), which is not helpful. Additionally, each 
GDE will have a slightly different optimal frequency for various 
reasons including the fact that each GDE is a little different 
which will be evident from the difference in the blanks from 
GDE to GDE. Typically, a small range of frequencies (~10 
frequencies), where hopefully the optimal frequencies from all 
the GDEs fall into, are focused on. As a note, the ten frequen- 
cies completely depends on the protein and target being 
measured, thus using a different protein to detect the same 
target may yield a different optimal frequency. 


5. Also for each of the ten frequencies, a calibration curve is made: a 
plot of the average complex impedance versus In| NE + SAM], 
and a logarithmic fit is applied to the data. The calibration curves 
from all ten frequencies are compared and the final optimal 
frequency decision is made (again, usually a trade-off of slope 
in favor of R*). In the case of PNMT detection of NE + SAM, on 
a basis ofan N= 12 calibration curve analysis (Fig. 6), 371.1 Hz 
was selected to be the optimal frequency |15]. 

The equation for the calibration curve is also important 
because it could be potentially used to program a handheld 
device. Currently, the self-monitoring blood glucose meters 
(which use the amperometric-it technique) measure current 
for literally a couple of seconds, plug that in as the y-variable 
and solve for x (concentration of glucose), which is then dis- 
played on the screen. This calibration curve could work in a 
similar fashion to convert the measured impedance at a partic- 
ular frequency to concentration of norepinephrine. 


6. Additionally, oncea calibration curve is selected, the lower limit of 
detection can be calculated using the following equation | 16, 17]: 


p= ee 
slope of calibration curve 20.899 T 
= 94.18 pg/mL, 


where LLD is the lower limit of detection (the smallest reliable 
measurement practically possible), STEDV is the standard devi- 
ation of the blank concentration from several GDEs. 
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Fig. 6 (a) An N = 12 calibration curve of purified NE detected using PNMT-immobilized GDEs. The natural 
logarithmic fit for this curve is Complex Impedance = 20.899*In([NE]) + 2263.4, with an F? of 0.9626. In 
(b), an N = 1 comparison of In F? and slope are plotted with respect to frequency. From the inset zoomed 
in graph, it is easy to tell that the peak F? frequency does not coincide with the peak slope. Thus to pick an 
“optimal frequency” when peak In F? and slope are not possible, a trade-off is required 


Analysis for the whole blood data is conducted in a similar 
manner. However, the nature of the analysis is more to confirm 
that the optimal frequency is still valid, and to determine in which 
blood solutions reliable signal can still be obtained. One way to 
compare the different solutions of whole blood is to plot R? at the 
optimal frequency versus % whole blood versus slope at the optimal 
frequency (second y-axis), as shown in Fig. 7 [15]. Another way is 
to plot R? and slope versus frequency to see if a better frequency 
exists, as shown in Fig. 6. The same LLD calculation could be 
applied for each blood solution, but without replication, a standard 
deviation cannot be calculated for the blank solutions. 


3.6 Z-t The goal of the first set of Z-t measurements is to determine the 

Measurements [15] minimum amount of assay time required to obtain a reliable imped- 
ance measurement. This technique would ideally take less than 10 s 
and could be used in a handheld device to rapidly quantify norepi- 
nephrine concentration. 


1. The first set of Z-t measurements are made the same way the 
EIS measurements are made, except that the following para- 
meters are used: 


e Initial E: 0.14 V (formal potential of GDE). 
e Amplitude: 0.005 V. 


e Frequency: 368 Hz (closest option to the optimal frequency 
determined in EJS data analysis). 


e Runtime: 90 s. 
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Fig. 7 The F? (squares) and slope (circles) of the natural logarithmic fits (for 
impedance versus [NE]) at 371.1 Hz for each whole blood solution (5, 10, 25, 
90%) is shown. Adapted from [15] 


2. The tests are repeated at a “dead” frequency, a very high 
frequency like 46,300 Hz, choose a frequency well above 
10,000 Hz since our experience shows biological signals 
occur below 5000 Hz. Try to avoid using harmonics of your 
frequencies of interest, just in case. 


The purpose of the second set of Z—t experiments is to compare 
the two frequencies nearest the optimal frequency found in the EIS 
data analysis (the hardware in the Electrochemical analyzer pre- 
vented the use of the exact 371.1 Hz frequency, the optimal fre- 
quency used to create the calibration curve in Fig. 6). 


1. The second set of Z-t experiments were run with the same 
parameters as the first Z-t experiment, but the run time was 
500 s to accommodate the measurement of a solution with 
multiple injections of 500 pg/mL of NE + SAM. The multiple 
injections were used in order to determine if this technique 
could be used for multiple measurements, whereas with EIS, 
once a sample is measured, the electrodes are rinsed and a new 
sample is applied to be measured. Additionally, this data can be 
used to determine the kinetics involved in the enzyme-—cofac- 
tor—substrate system. The Z-t measurements were started with 
50 uL of 100 mM ferricyanide and the 500 pg/mL NE + SAM 
solution was injected at 30, 40, 85, 145, and 325 s time points 
after initialization of the Z-t assay. 


2. The second Z-t experiment was also replicated using PBS to 
instead of the 500 pg/mL NE + SAM solution to investigate 
the injection artifact, as depicted in Fig. 8. 
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Fig. 8 The black markers depict the electrochemical behavior of the enzyme—- 
cofactor—substrate system when NE + SAM in PBS is injected at the times when 
a bell-like curve is seen (~30, 45, and 90 s). The time it takes the system to 
again stabilize after each injection can be analyzed to determine enzyme 
kinetics, but this also shows that the sensor is still capable of detecting analyte 
after a couple of uses. The gray markers indicate one injection of PBS on a 
different GDE at about the same time the first NE + SAM injection takes place. 
These data help to remove the injection artifact as well as the influence of 
dilution and the electrochemical behavior of the PBS solvent 


For the first Z-t discrete experiments where the solutions were run 
the same way the EIS solutions were run, the goal of data analysis is 
to determine the minimum time required to run the assay reliably 
(at the optimal frequency determined in the EIS data analysis). 


1. To find this minimum time, again, the complex impedance (Q) 
is plotted against the concentration of NE (pg/mL) at various 
times which are selected based on the same natural logarithmic 
slope and R? calculations performed in the EIS data analysis. As 
with selecting an optimal frequency in the EIS analysis, select- 
ing an optimal time for Z-t data is often a trade-off between 
slope and R’. 


2. In this data set, the calibration curves for 3, 24 and 89 s were 
compared because they offered the highest slope and R? for the 
natural logarithmic fit (Fig. 9) [15]. In this case, no trade-off 
was necessary as the quickest time offered the best slope and R? 
fit. Therefore, Z-t can be run for 3 s to reliably quantify NE 
concentration, which rivals the self-monitoring blood glucose 
meter assay time. 
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Fig. 9 These Z-t results at 368 Hz compare the impedance readings at different times during the measure- 
ment: 89 s (purple squares), 24 s (green circles), and 3 s (blue diamonds). Adapted from [15] 


4 Notes 


Since the Z-t hardware cannot exactly match the optimal fre- 


quency, the two closest frequencies were analyzed (368 and 
321 Hz) via periodic injection and continuous measurement in 
the second set of Z-t experiments. 


1. The bar graph in Fig. 10 shows the adjusted peak height 


(NE + SAM signal minus the PBS signal) [15]. From the 
data collected, the adjusted peak heights of each injection 
were compared and it was found that 368 Hz showed the 
most promise for a predictable and reliable frequency to be 
used in a final handheld device to detect norepinephrine. 


. The Redox probe solutions remain stable up to 1 month at 


room temperature in an amber bottle to prevent photodegra- 
dation. The 1000 mM ferricyanide solution will need addi- 
tional mixing on the vortexer at the highest speed the mixer 
can reach to completely dissolve. Make sure all chemicals have 
been completely dissolved and the solutions are well mixed 
using the vortexer before use. 


. It is highly recommended that all solutions are used the day 


they are made, especially as the NE + SAM solutions become 
discolored and unusable if left in a 4 °C refrigerator overnight. 


3. When vortexing whole blood solutions, use a low speed 


(~1500 RPM), and wear a respirator as an added precaution. 
It is also recommended that low-binding pipette tips are used 
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Fig. 10 This bar chart depicts the average peak height (N = 2) at each injection point without the injection 
artifact (subtracted the PBS injection data) at the two frequencies closest to the optimal frequency determined 
in the EIS data analysis. Adapted from [15] 


in the whole blood solution handling, as blood will stick in 
regular pipette tips. It is strongly recommended that biosafety 
and bloodbourne pathogens training is obtained before 
performing these experiments. 


. The Pt and Ag/AgCl wires come with brass connectors at the 


ends. It is recommended that these brass connectors be cut off 
with wire cutters so the alligator clips can be directly attached 
to the wires. Corrosion resulting from the storage solutions 
preferentially occurs at the brass interface and will eventually 
interfere with impedance readings. For best results, the GDE 
should be polished as described in Subheading 3.2. The Pt and 
Ag/AgCl wires should be cleaned with an abrasive pad after 
each experiment and stored in DI water, and 3 M KCI plus 
10 mM AgNO; in DI solutions, respectively. A well-cared for 
Ag/AgCl wire is white when ready for use and becomes a dull 
gray after extensive use. 


. Do not rinse the gold directly, that will strip off the MHDA or 


anything else that has bound to the GDE surface. Instead, hold 
the GDE upside down so the gold faces the inside of a waste 
container, then slowly rotate the GDE as you spray DI near the 
middle of the black part of the GDE,allowing water to gently 
run down and off the GDE. 


6. When running electrochemical measurements, beware of 


solution temperature changes and try to minimize variation. 
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For example, the gradients once made should be stored in the 
4 °C refrigerator, and these solutions should be kept cold while 
running the experiments. Also, as the GDEs are removed from 
the refrigerator before performing experiments, make sure they 
have time to reach room temperature before first use. 


7. When performing data analysis and pasting .txt data into Excel, 


make sure that the data is put into separate columns. This may 
take some effort using the text to columns function in 
Excel using the delimited option and selecting the separated 
by commas option. Also, one cannot take the natural log of the 
0 pg/mL NE + SAM concentration, so there are two options: 
remove the blank from analysis, or use a small number such 
as 107° pg/mL as the blank concentration. 


This research is sponsored by the School of Biological Health and 
Systems Engineering at Arizona State University. Thanks to Carissa 
Henriksen and David Probst for their help in obtaining the photo- 
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Bacterial Detection Using Peptide-Based Platform 
and Impedance Spectroscopy 


Hashem Etayash, Thomas Thundat, and Kamaljit Kaur 


Abstract 


Antimicrobial peptides have the ability to function as bio-recognition elements in the detection of bacteria. 
For instance, we showed that Leucocin A, an antimicrobial peptide from class Ia bacteriocins, binds gram- 
positive Listeria monocytogenes with higher affinity than other gram-positive bacteria like S. aureus, L. 
innocua, and E. faecalis. The binding was detected using impedance spectroscopy when Leucocin A 
immobilized on impedance electrodes binds bacteria from a sample. Here we highlight the strength of 
utilizing Leucocin A as a bio-recognition probe in biosensor platforms and provide details on its application 
in real-time bacterial detection using electrochemical impedance spectroscopy. A simple new generation 
impedance array analyzer is utilized that works at very low frequencies to identify interactions between 
peptide and the target bacteria. 


Key words Peptide-based biosensors, Antimicrobial peptide, Leucocin A, Impedance spectroscopy, 
Bacterial detection, Listeria monocytogenes 


1 Introduction 


In recent years, peptides have attracted significant attention as 
alternative bio-detective elements for developing stable, sensitive 
and selective sensing devices [1-4]. Their unique properties as 
substrates for enzymes has enabled the paradigm of different 
enzyme sensors or enzyme-mediated sensors [5]. Improvement 
on immobilization and microarray techniques has also enabled the 
evolution of chip-based peptide biosensors in medical and 
biological diagnosis [6]. In contrast to antibodies and nucleic acid 
probes, peptides are naturally more stable, easier to produce or 
synthesize, and are cheaper. Furthermore, artificial peptides offer 
an excellent opportunity to develop designer sensors through their 
desirable properties such as differentiated structures, affinities to 
enzymes or proteins, ease of synthesis, and use of unnatural amino 


acids [7]. 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
DOI 10.1007/978-1-4939-6911-1_8, © Springer Science+Business Media LLC 2017 


113 


114 


Hashem Etayash et al. 


Impedance spectroscopy is a technique for electrochemical 
characterization of interfacial processes and is being widely used 
for the detection of chemical and biological analytes in real-time 
and label-free mode [8]. The general principle of impedance 
spectroscopy is based on measuring the dielectric properties of a 
medium as a function of frequency in AC. In other words, the 
impedance of a system for a given frequency can be determined 
from the difference between the phases and amplitudes of the two 
signals, current and AC potential [9]. In this study, the system 
uses an affinity based impedance readout to measure any change 
in the sensor surface due to molecular bindings between the 
targeted analytes in solution and the immobilized ligands of the 
sensor interface [1]. This interaction causes changes in the elec- 
trical current (AC), which is manifested by measurable changes in 
the circuit impedance of the electrode double-layer solution 
interface. 

Impedance spectroscopy is a promising sensor platform due to 
its simplicity, high sensitivity, miniature size, ease of assembling, 
and flexibility for multiplexed lab-on-a-chip applications. Despite 
the fact that other biosensors such as microcantilevers [6], 
nanowire sensors [10], carbon nanotubes [11], and plasmonic 
sensors [12] can achieve precise detection with high sensitivity, 
these techniques have not been as simple as the electrochemical 
impedance spectroscopy. By analyzing the electric property using 
impedance spectroscopy, information such as the surface charge 
and molecular conformation change of the analyte can be obtained. 
It has lately been proven to be a very effective tool for studies 
including detection of DNA hybridization, antigen—antibody inter- 
actions and in the detection of bacterial cells and cancer biomarkers 
[1, 13-15]. 

In this chapter, we delineate our effort in developing a peptide- 
based platform for detection of bacteria using electrochemical 
impedance spectroscopy. An antimicrobial peptide from class 
IIa bacteriocin, Leucocin A, was exploited in this study [1]. The 
peptide expresses extreme activity against pathogenic Listeria 
monocytogenes with minimum inhibitory concentration of 
~37 nM [18]. Leucocin A is not only appealing as a safe choice 
for food preservation, it is also considered as a potential indicator 
for contaminated food and water | 16]. Leucocin A was chemically 
self-assembled onto gold interdigitated electrodes for electro- 
chemical impedance measurements. A new generation impedance 
array analyzer (IA-2) that works at very low frequencies was 
utilized to identify interactions of the peptide to its target bacteria 
[1, 17]. 
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2 Materials 


2.1 Reagents All reagents and chemical solvents were used as received without 
any further purification. 


l. 
2; 


2.2 Equipment l. 


Fmoc amino acids (Novabiochem). 


Fmoc—'Trp(Boc)—Wang resin (0.2 mmol scale, 0.27 mmol/g) 
(Novabiochem). 


. 1H-benzotriazolium l-[bis(dimethylamino)methylene ]- 


5chloro-,hexafluorophosphate (1-),3-oxide (HCTU) 
(Novabiochem). 


. N-methylmorpholine (NMM) (Sigma-Aldrich). 

. Piperidine (Sigma-Aldrich). 

. Trifluoroacetic acid (TFA) (Sigma-Aldrich). 

. Triisopropylsilane (Sigma-Aldrich). 

. Dimethylformamide (DMF) (Caledon Laboratories Ltd). 
. Dichloromethane (DCM) (Caledon Laboratories Ltd). 
. Distillated water. 

. Acetonitrile (Caledon Laboratories Ltd). 

. Ethanol (70%). 

. Phosphate buffered saline (PBS). 

. TSBYE (Tryptic Soy Broth Yeast Extract). 

. APT (All Purpose Tween). 


Automated peptide synthesizer (Tribute®, Protein Technolo- 
gies Inc., USA) (see Note 1). 


2. Freeze dryer (Sp-Scientific, Stone Ridge, NY, USA). 


. Reversed-phase High Performance Liquid Chromatography 


(RP-HPLC, Varian Prostar 210, USA). 


. Matrix Assistance Laser Desorption Ionization-Time Of Flight 


(MALDI-TOF). 


. UV-visible spectrophotometer (PerkinElmer, Massachusetts, 


USA). 


. Impedance spectroscopic analyzer SHARP IA-2 (SHARP 


Laboratories of America, USA). 


. Biosafety cabinet Type II (Microzone Corporation, Ottawa, 


ON, Canada). 


. Impedance sensor array, Fig. la (SHARP Laboratories of 


America, USA). 


2.3 Bacterial Culture Stocks of bacterial strains were obtained from CanBiocin Edmon- 
ton Inc. and were cultivated at 37 °C in an incubator. All 
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Fig. 1 Peptide functionalization of impedance electrodes. (a) An image of the interdigitated gold microelec- 
trode array (Die) of the impedance IA-2 analyzer. (b) A schematic representation of the immobilization steps 
used to make self-assembled monolayer (SAM) of peptide on the gold electrodes. (c) The impedance |A-2 from 
SHARP Laboratories of America. (d) Frequency optimization for impedance measurements during bacterial 
binding to the peptide-conjugated microelectrodes. Reprinted (adapted) with permission from Etayash H, 
Jiang K, Thundat T, Kaur K (2014) Anal Chem 86:1693-1700. Copyright 2014 American Chemical Society 


experiments related to the pathogenic bacteria were carried out in a 
Type II biosafety cabinet inside a level 2 designated laboratory. 

1. L. monocytogenes ATCC 43256 (grown in TSBYE, 37 °C). 

2. Listeria innocua ATCC 33090 (grown in TSBYE, 37 °C). 

3. Enterococcus faecalis AT TC 19433 (APT broth, 37 °C). 

4. Staphylococcus aureus ATCC 13565 (APT broth, 37 °C). 


3 Methods 
All experiments were carried out at room temperature, unless oth- 
erwise specified. 
3.1 Peptide The antimicrobial peptide, Leucocin A, consists of 37 amino acid 
Synthesis residues (NH2-KYYGNGVHCTKSGCSVNWGEAFSAGVHRL- 


ANGGNGFW-COOBH), with hydrophobic C-terminal and amphi- 
philic w-helix structure. The peptide has been synthesized by differ- 
ent methods previously using manual solid phase peptide synthesis 
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(SPPS) or via an automatic mode of SPPS. We reported synthesis 
of Leucocin A using native chemical ligation method, where 
the peptide was separated into two fragments synthesized indepen- 
dently. In the end, the fragments were ligated together in one step 
to give the full peptide [18]. In this chapter, we describe the 
synthesis of Leucocin A using SPPS via an automated peptide 
synthesizer (Tribute®). 


l. 


Fmoc-Trp (Boc)-Wang resin (0.2 mmol scale, 0.27 mmol/g) 
was initially rinsed with DMF (5 min x 2) and loaded into the 
Tribute® reaction vessel. The Fmoc-protected amino acids 
corresponding to Leucocin A sequence were also loaded into 
the vials (4 equiv). 


. In the Tribute®, the synthesis protocol was set up in order of 


washing, Fmoc deprotection, washing, and coupling, respec- 
tively, for each cycle. 


. Solvents (DMF, DCM), the activating agent (HCTU, 


0.8 mM), the base (NMM), and the de-protecting agent 
(piperidine, 20% in DMF), were placed in their specified flasks, 
then pressurized and vented as ordered by the manufacture 
protocol. 


. After complete synthesis, the peptide (37-residues) was cleaved 


from the resin with removal of all acid-labile side-chain protect- 
ing groups by addition of a mixture of 90% TFA, 9% DCM, and 
1% triisopropylsilane (~10 mL) for 90 min at room tempera- 
ture. The cleaved product was collected in a collection tube 
attached to the Tribute®. 


. The peptide was then precipitated by cold diethyl ether 


(~15 mL) and collected by further centrifugation. Powdered 
form of the peptide was obtained via freeze drying of the 
collected product. 


. Purification of the peptide was carried out on a reversed-phase 


HPLC, using Vydac semipreparative C18 (1 x 25 cm’, 5 pm) 
column. The correct mass [M+H]" for the pure peptide 
(reduced) was checked using MALDI-TOF mass spectrometer. 


. Since peptide Leucocin A contains two cysteine residues, the 


oxidation to form a disulfide bridge between Cys9 and Cys14 
was performed by dissolving the peptide in Tris buffer (pH 8.4) 
at a concentration of 1 mg/mL. DMSO (10%) was used to 
facilitate the solubility and to expedite the oxidation. The 
mixture was stirred for 24 h and the oxidized product was 
subjected to HPLC again to gain pure peptide (see Note 7). 


3.2 Impedance Array ‘The impedance sensor array (die) consists of three microfluidic 
(Die) Functionalization reaction chambers with each containing five gold interdigitated 
gold electrodes (IDEs). The array is fabricated on the surface of 
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1 mm thick layer of silicon dioxide, deposited on a silicon wafer via 
plasma enhanced chemical vapor deposition, and was purchased 
from SHARP Laboratories of America (USA). The typical dimen- 
sions of each electrode are 3350 um x 100 um x 150 nm and the 
spacing between each electrode is 40 um. The size of the die is 
20 x 18.5 mm? (Fig. la). 


1. Initially the gold interface washed with Milli-Q water (see Note 6) 


of the interdigitated electrodes was coated with a thiolated 
linker (cysteamine hydrochloride or HSCH2CH2NH2) by treat- 
ing the interface with cysteamine hydrochloride (0.01 M) in 
8x PBS buffer solution (pH 8.1). Cysteamine hydrochloride 
(20 pL, 0.01 M) was added to each of the three microfluidic 
chambers using a pipettor. After 6 h, each chamber was rinsed 
with 20 pL of 1x PBS (pH 7.4) to eliminate any unbound 
cysteamine linker and the washing was repeated twice. 


. Peptide solution (20 pL, 0.8 mg/mL) in 1x PBS (pH 7.4) 


containing EDC (0.2 M) and NHS (0.1 M) was introduced 
into the electrodes (chambers) and incubated for 6 h at room 
temperature. The peptide solution was replaced, and the pro- 
cedure was repeated once more to ensure complete functiona- 
lization of the surface with the peptide (see Note 3). 


. The functionalized electrodes were then rinsed with 1 x PBS to 


remove any physically adhered molecules. 


. Prior to the experiment, the chambers were rinsed with deio- 


nized water, and dried with nitrogen. Figure 1b illustrates the 
schematic by which the peptide immobilization was performed 
(see Notes 2 and 4). 


All the experiments regarding pathogenic bacteria were carried out 
in a Type II biosafety cabinet. 


1. Stocks of strains of bacterial cells indicated previously, stored at 


—80 °C in glycerol-supplemented media, were streaked in 
1 mL of broth media, APT for Enterococcus faecalis AYTC 
19433 and Staphylococcus aureus, and TSBYE, 37 °C for Lis- 
teria monocytogenes ATCC 43256 and Listeria innocua ATCC 
33090. 


. After incubation, the bacterial culture was centrifuged; bacteria 


were precipitated and resuspended in a phosphate buffered 
saline—pH 7.4. 


. UV-visible spectrophotometer was used to measure the optical 


density (OD) at 600 nm and thereafter to calculate the bacte- 
rial sample concentrations. 


. The concentration of bacterial cells was obtained from a corre- 


lation between the absorbance (OD) and the CFU/mL, based 
on a calibration experiment. 
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3.4 Impedance Setup 
and Optimization 


3.5 Bacterial 
Detection Using 
Impedance 


1. The impedance analyzer (Fig. 1c) is capable of measuring the 


reactions of 15 microfluidic channels simultaneously at a fixed 
frequency, which can be adjusted at any range between 10 and 
1000 Hz, and a stimulation voltage of 10-212 mV. In the 
experiments, the data presented were performed at 
10-120 Hz and 100 mV stimulation voltage. 


. The analyzer is also equipped with a temperature control sensor 


that can be used to regulate the temperature of the desired 
reactions. In this study, the temperature was set at 25 °C. 


. The principle by which the IA2 sensor operates relies on the 


basic principle of the electrochemical impedance spectroscopy. 
An alteration in the impedance spectrum should occur when 
the immobilized peptide captures the target bacterial cells. The 
peptide—bacteria interaction will lead to a change in the imped- 
ance parameters that would correlate to the type and amount of 
the bound bacteria. 


. Initially, we optimized the right frequency for detection by 


conducting a number of experiments where bacterial solution 
(20 pL, 10° CFU/mL) were introduced into the sensor array 
and exposed to impedance readings at different frequencies, 
ranging from 10 to 120 Hz. From these experiments, we noted 
that a frequency of 100 Hz gives the best impedance response 
by showing the most stable and the highest impedance magni- 
tude (Fig. 1d). According to the observed results, we desig- 
nated the frequency at 100 Hz to be the optimum frequency 
for our detection experiments. Note that in each experiment 
and prior to the measurement of the peptide—bacteria interac- 
tion, the microfluidic chambers of the sensor were incubated 
with target-free sample (20 pL PBS) first for ~400 s to estab- 
lish a baseline, then exposed to the contaminated samples and 
subjected to impedance reading for ~800 s (Fig. 1d) (see Notes 
4,5, 7, and 8). 


. Sensitivity: To measure sensitivity of the sensor, serially diluted 


samples contain Listeria monocytogenes at 107-1 0°, and 
10° CFU/mL was individually injected into the microfluidic 
chambers (20 pL per chamber), incubated with the immobt- 
lized peptide, and subjected to impedance reading for ~800 s 
at 100 Hz (Fig. 2c). 


. Selectivity: Various strains of bacterial cells at a concentration 


of 10° CFU/mL, including Listeria monocytogenes ATCC 
43256, Listeria innocua ATCC 33090, Enterococcus faecalis 
ATTC 19433, and Staphylococcus aureus were introduced into 
the microfluidic chambers of the impedance sensor and data 
of the impedance vs. time was recorded in real-time. All 
experiments were repeated at least three times (Fig. 3) (see 


Notes 8-10). 
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Fig. 2 Peptide-based impedimeric assay for detection of Listeria monocytogenes. (a) Real-time impedance 
measurement of Listeria monocytogenes interaction to the immobilized antimicrobial peptide at 10° cfu/mL, 
peptide sensor (functionalized with Leucocin A), control sensor (functionalized only with cysteamine), PBS 
(peptide sensor response to PBS buffer). (b) The corresponding integrated area under the curve for Listeria 
monocytogenes interaction to the peptide sensor or control sensor. Each impedance and calculated area is an 
average calculation of five replicates; error bars indicate corresponding standard deviations. (c) AMP-coated 
impedance sensor response to various concentration of Listeria monocytogenes, as indicated. Reprinted 
(adapted) with permission from Etayash H, Jiang K, Thundat T, Kaur K (2014) Anal Chem 86:1693-1700. 
Copyright 2014 American Chemical Society 


3. Regeneration: The impedance sensor regeneration was 
carried out by confiscating the adhered bacterial cells from 
the functionalized sensor via washing the microfluidic 
chambers with 7% alcohol, followed by a rinse with DI water. 
The study showed that sensor can be regenerated up to 4-5 
times (see Note 11). 
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Fig. 3 Selective detection of Listeria monocytogenes (L.M) via the Leucocin A-immobilized impedance sensor. 
(a) The binding curve parameters, integrated area under the curve, demonstrates the AMP-based impedance 
response to various bacterial species at a concentration of 10° cfu/mL and fixed frequency 100 Hz. (b) Other 
binding kinetic parameters of the normalized impedance, sensor surface coverage; (c) the binding rate 
constant (s value), and (d) the initial rate of binding (A x s) of the peptide—bacteria interaction were analysed 
as indicated in figures. Results represent an average of five replications and bars indicate standard errors. 
Reprinted (adapted) with permission from Etayash H, Jaing K, Thundat T, Kaur K (2014) Anal Chem 
86:1693—1700. Copyright 2014 American Chemical Society 


3.6 Data Analysis The chemistry of the interaction between the immobilized peptide 
and its target bacteria suggests that the rate of interaction 
changes with time after injection of the targeted cells. Therefore 
and according to the equation below, the binding curve at a fixed 
frequency was analyzed as exponentially varying impedance signal Z 
over time ż. 
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4 Notes 


IZ(t)| = B+ All —e™] (1) 


where s, A, and B are independent constants. B is array impedance 
baseline of the target free-solution and the offset at starting point of 
the exponential. The parameter s represents the amplitude of the 
impedance signal and A is the rate of the exponential time constant 
that is associated with the target binding. A represents the end 
point of the binding curve which indicates the density of the 
sensing layer molecules, size of the analyte particles (bacteria), 
and dielectric properties of the target molecules. From the above 
equation an algorithmic extraction of the kinetic parameters is 
performed automatically and the impedance amplitude is com- 
puted consistent to the interaction of the peptide to its target 
analyte. 


The integrated impedance area under the curve is calculated 
from the starting point of sample injection to the end point where 
the sample was discharged. The combination of the parameters, 
A x s, represent the initial rate of binding where the integrated area 
under the binding curve is dependent upon both A and s, providing 
characteristics of the target—probe binding behavior. 

To conclude, despite a number of limitations that remain to be 
eliminated, we believe that the concept of peptide-based sensors 
have a great potential in near future. Peptide molecules as alterna- 
tive bio-recognition elements can be potentially used for detection 
of a wide range of analytes, starting from small molecules, metal 
ions to large cells such as bacteria and cancer cells. 


1. The antimicrobial peptide Leucocin A and the negative control 
peptide were both synthesized using the automated peptide 
synthesizer, characterized using MALDI-TOF mass spectrom- 
etry and purified using RP-HPLC. 


2. Peptide immobilization onto the interdigitated gold chip can 
be performed either via the free carboxylic acids (as shown in 
Fig. 1b) or amine groups using adequate complementary thio- 
lated linkers. However, as evidenced by a previous report |17], 
the attachment of the peptide via the carboxylic acid group was 
more effective in capturing targeted cells. 


3. The antimicrobial peptide seems to maintain the alpha 
helical structure when attached to the impedance electrode 
surface [20]. 


4. Numerous surface blocking reagents can be used; however, in 
our case this was not necessary as it was evidenced by a previous 
[ 19, 20] study that it does not do much variation. 
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5. Impedance optimization is one of the essential steps prior to 
the experiments. Therefore, it looks like optimization of tem- 
perature and frequency is required for each receptor molecule 
and cell types. 


6. Piranha solution reacts violently with sensor electrodes and 
destroys its reactivity; therefore, it is not recommended at all 
in this case. 


7. Self-assembled monolayer (SAM) of peptide on impedance 
chips should be used immediately or within a few days. Other- 
wise, it should be stored in a vacuum desiccator. 


8. In the experiment and during exchange samples, the introduc- 
tion of air into the circulation should be avoided as it causes 
substantial shift in the baseline. 


9. As shown in Fig. la, b, the peptide-coated sensor binds well to 
Listeria monocytogenes, causing a dramatic enhancement of 
impedance resistance compared to its effect against other bac- 
terial strains. The sensor shows high selectivity to Listeria 
monocytogenes (Fig. 3) with detection sensitivity reaching a 
single cell per pL. The detection limit is recorded as a result 
of the interpretation of the analyzer and rigorous statistical 
analysis of the data in comparison to the control sensor. 
The limit of detection therefore, appears applicable with the 
clinical standard and compares well with other detection tech- 


niques such as antibody-based assay and fluorescence-based 
tests [21,22]. 


10. The kinetic parameters including the area under the curve, the 
sensor surface coverage A, the binding rate constant (s value) 
and the initial rate of binding (A x s) of the peptide—bacteria 
interaction (Fig. 3a—d) correlates well with the real time 
measurements. 


11. The impedance array regeneration studies revealed that the 
sensor is applicable for at least three times of regeneration, 
however, further investigation are needed. For example, milder 
condition such as 40-50% ethanol could be more efficient than 
70% ethanol. Further, other regeneration reagents can be 
explored such as glycerol in acidic media could also enhance 
removal of the cells from the sensor. 
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Chapter 9 


Fabrication of Lab-on-Paper Using Porous Au-Paper 
Electrode: Application to Tumor Marker Electrochemical 
immunoassays 


Shenguang Ge, Yan Zhang, Mei Yan, Jiadong Huang, and Jinghua Yu 


Abstract 


A simple, low-cost, and sensitive electrochemical lab-on-paper assay is developed based on a novel gold 
nanoparticle modified porous paper working electrode for use in point-of-care testing (POCT). Electro- 
chemical methods are introduced for lab-on-paper based on screen-printed paper electrodes. To further 
improve specificity, performance, and sensitivity for point-of-care testing, a novel porous Au-paper working 
electrode (Au-PWE) is designed for lab-on-paper using growth of an interconnected Au nanoparticle (NP) 
layer on the surface of cellulose fibers in order to enhance the conductivity of the paper sample zone and 
immobilize the primary antibodies (Ab1). With a sandwich-type immunoassay format, Pd—Au bimetallic 
nanoparticles possessing peroxidase-like activity are used as a matrix to immobilize secondary antibodies 
(Ab2) for rapid detection of targets. This lab-on-paper based immunodevice is applied to the diagnosis of a 
cancer biomarker in clinical serum samples. 


Key words Lab-on-paper, Porous Au-paper electrode, Electrochemical immunoassay, Tumor marker 


1 Introduction 


Sensitive detection of cancer biomarkers plays a crucial role in early 
disease diagnosis, screening, disease recurrence, and therapeutic 
treatment efficacy [1]. Primary challenges of early cancer detection 
include low biomarker concentration in plasma (particularly in early 
stages of the disease), heterogeneity in the timing and abundance of 
these biomarkers among patients, and difficulties in executing 
prospective studies | 2 |. Conventional detection methods for cancer 
biomarkers include enzyme-linked immunosorbent assays, surface- 
enhanced Raman scattering, chemiluminescence, electrophoresis, 
and mass spectrometric immunoassays. However, these methods 
are often complicated, time-consuming, expensive, and 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
DOI 10.1007/978-1-4939-6911-1_9, © Springer Science+Business Media LLC 2017 


125 


126 


Shenguang Ge et al. 


labor-intensive. Moreover, these methods are not suitable for 
point-of-care testing (POCT). In the developed world, access to 
medical diagnostics is relatively affordable and accessible. However, 
in under-resourced countries including parts of Africa, Asia, and 
South America, such tests are not available. Thus there is an urgent 
need to develop accurate, highly sensitive, inexpensive, and rapid 
detection methods for POCT. Considerable efforts have been 
made worldwide to develop and improve clinical immunoassays 
with the aim of making portable and affordable devices. 

Since the first patterned paper was proposed by Whitesides and 
coworkers [3], there has been remarkable progress in the field of 
microfluidic paper-based analytical devices. Huge strides have been 
made in producing simple, portable, disposable, and low-cost 
devices for molecular analysis, environmental detection, and health 
monitoring [4, 5]. Paper, a biocompatible porous cellulose fiber 
web with large surface area and porosity, fulfills the primary require- 
ments for diagnostic testing using body fluids and fluid transport. 
We are addressing this need by developing the basic science and 
technology necessary for fabricating low-cost diagnostic sensors 
using simple materials, like paper, and simple fabrication techniques 
like laser-jet printing and origami. The success of lab-on-paperSee 
Lab-on-paper arises from three main factors: low cost, ease of 
operation, and ability to function without external pumps. Our 
fabrication approach for lab-on-paper is based on wax printing 
using a commercially available office printer. Devices are designed 
on a computer and then printed on chromatographic paper. When 
the paper is heated, the wax ink dissolves into the interior of the 
paper resulting in hydrophilic channels that can steer fluids through 
the device. Next, capture probes (nucleic acids or antibodies) are 
immobilized at specific locations on the paper and the paper is 
folded into its final configuration using the principles of origami 
[6,7]. We have shown that these devices can detect specific nucleic 
acids and proteins and report their presence by a simple color or 
electrochemical change, or by electrochemiluminescence or photo- 
electrochemistry [8-11 ]. 

For most sandwich bio-affinity assays, bio-component immo- 
bilization and signal amplification are two key factors. Suitable 
immobilization of bio-recognition substances into an appropriate 
substrate not only preserves sufficient bioactivity of the bio- 
recognition substance but also affects reliability. Signal amplifica- 
tion directly influences detection sensitivity. Efforts have been 
made to improve the immobilization of bio-recognition substances 
in paper as well as signal amplification for paper-based assays. Gold 
nanoparticles (Au NPs) have attracted much attention in different 
bio-affinity assays due to unique physical and chemical properties 
such as easily controllable size distribution, long-term stability, 
superior conductivity, large surface area, and biocompatibility. Tak- 
ing into consideration these advantages, a novel porous Au-paper 


2 Materials 
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working electrode (PWE) is developed on a compatibly designed 
lab-on-paper using growth of interconnected Au NP layers on the 
surface of cellulose fibers in the paper sample zone to enhance the 
conductivity of the paper sample zone. Due to the high surface 
area-to-weight ratio and porous structure of paper, and the high 
effective surface area of the resulting Au NPs layer on the cellulose 
fibers, the active surface area of the porous Au-PWE for immobiliz- 
ing the antibody (Abl), as well as the sensitivity, is much higher 
than that of the unmodified PWE. 


Oo FPF W N 


. Chloroauric acid trihydrate (HAuCl4-3H,O): 1.2 mM 


. Whatman chromatography paper 1# is purchased from GE 


Healthcare Worldwide and used with further adjustment of 
size. 


. Phosphate buffer solution: pH 7.0 (see Note 1). 

. Phosphate buffer solution: pH 7.4 (see Note 2). 

. Washing buffer solution (see Note 3). 

. Carbon ink (Acheson, USA). 

. Ag/AgCl ink (Shanghai Julong Electronic Technology Co. 


Ltd, China). 


> 


10 mM. 


. Cetyltrimethylammonium chloride (CTAC): 2.0 mM. 


9. Sodium tetrachloropalladate (Na,PdCly, >99.9%): 10 mM. 


18. 


. Hexadecylpyridinium chloride monohydrate (HDPC). 

. Ascorbic acid (AA): 0.1 mM. 

. Bovine serum albumin (BSA): 10%. 

. Thionine: 10 pM. 

. Sodium borohydride (NaBH4). 

. Hydrogen peroxide (H202). 

. Antibody and antigen stock solution (China Shanghai Linc-Bio 


Science Co. Ltd. dispatched from USA, Sigma) (see Note 4). 


. Differential pulse voltammetry (DPV) measurements are per- 


formed on a CHI 760D electrochemical workstation (Chen- 
hua, Shanghai, China). 


130 °C temperature is controlled in a FXB101-1 oven (Shang- 
hai Shuli Yiqi Yibiao Co. Ltd. China). 


All chemicals are used as received, and solutions are prepared 


using Milli-Q water (Milli-Q, Millipore, 18.2 MQ resistivity). 
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3 Methods 


3.1 Design This double-sided lab-on-paper is designed using Adobe illustrator 

of Lab-on-Paper CS4 software. As shown in Scheme 1, one side of the lab-on-paper 
consists of a square auxiliary tab (15.0 x 15.0 mm? printed in 
green) and the other side a square sample tab (15.0 x 15.0 mm’ 
printed in blue). An angle of the square auxiliary tab is cut off for 
exposure of the contact pad of the screen-printed carbon working 
electrode. In lab-on-paper, the shape of the hydrophobic barrier 
contains a paper auxiliary zone (8.0 mm in diameter, printed in 
green) on the auxiliary tab and a paper sample zone (6.0 mm in 
diameter printed in blue) on the sample tab. 


3.2 Fabrication 1. Whatman chromatography paper is cut to A4 
of Lab-on-Paper (210 x 297 mm”) dimensions. 


2. The hydrophobic pattern of lab-on-paper (shown in green and 
blue in Scheme 1) is printed in bulk on an A4 paper sheet by a 
commercially available solid-wax printer (Xerox Phaser 8560N 
color printer, Japan). The unprinted circle areas (paper auxiliary 
zone and paper sample zones) still maintain good 
hydrophilicity. 

3. The wax-patterned paper sheet is heated at 130 °C for 150 s to 
melt the printed wax so that it dissolved into the interior of the 
paper to form the hydrophobic and insulating patterns. 
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Scheme 1 (a) The schematic representation, size and shape of this lab-on-paper. (b) One side of the lab-on- 
paper with the screen-printed reference and counter electrode. (c) The reverse side of (b) with the screen- 
printed working electrode, (d) folding along the red dotted fold line, (e) the lab-on-paper was integrated with a 
device-holder, (f) sample was dropped onto the paper through the hole of device-holder 
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4 stencile 


screen 









p. 






Carbon ink 


Scheme 2 The process of screen printing electrode. (7) Mesh and masking tape is stapled to a frame to make 
a screen; (2) A stencil is made on the screen; (3) The screen is placed atop the wax-patter paper; (4) Carbon 
ink is poured at one end of screen; (5) A squeegee is used to press down and draw ink across screen from one 
end to the other; (6) The screen is carefully lifted. The print is checked before the process is repeated 


4. The wax-patterned paper was flipped and the screen printing 
plate (200 mesh of nylon on an aluminum frame, see Note 5) is 
placed atop the square sample tab (printed blue side up, Sheet- 
A) to print the working electrode surface. The screen printing 
plate is placed so that the electrode is aligned on the 
corresponding zone of lab-on-paper. 


5. The working electrodes pattern of the screen printing plates are 
all aligned to the working zones, along with a dollop of thick 
carbon ink. A scraper blade (squeegee) is pulled through the 
screen stencil, pressing carbon ink through the woven mesh of 
screen to form electrode patterns on the paper surface (see 
Scheme 2). 


6. According to the above printing method, counter and refer- 
ence electrodes are printed with carbon ink and Ag/AgCl ink, 
respectively on the flipped side of the auxiliary tab (green, 
sheet-B of paper). The distance between the counter electrode 
and reference electrode is 1 mm. 


7. The prepared paper sheet is cut to rectangular size of 
60.0 x30.0 mm’. 


8. The rectangular paper is folded. Note that the top of the lab on 
a paper is the bare side (the sample hydrophobic side) of the 
paper sample zone tab and the bottom side is the printed 
electrodes side of the auxiliary tab. Three screen-printed elec- 
trodes and paper channels form a three-dimensional electro- 
chemical cell with a volume of ~40 uL. 
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3.3 Fabrication 
of the Porous Au-PWE 
on Lab-on-Paper 


3.4 Antibody Labeled 
Pd-Au Bimetallic 
Nanoparticles 


9. 


L 


This folder-type device holder is composed of two simple cir- 
cuit boards, board-A and board-B. Board-B has silver conduc- 
tive pads (Scheme ld). After the rectangular paper has been 
folded according to the Scheme 1, lab-on-paper is placed 
between board-A and board-B. Then the device holder is 
clamped to ensure close stacking of the device (Scheme 1f). 
Due to the identical sizes of lab-on-paper board-A and board- 
B, the contact zones and conductive pads on the lab-on-paper 
and the device holder are exactly aligned and also are closely 
connected by applying a small amount of pressure. 


. The suspension of Au NPs seeds is prepared by using NaBH4 as 


reductant and stabilized with sodium citrate. A 0.5 mL aliquot 
of 10 mM HAuCl,y-3H,O and 0.5 mL of 10 mM sodium 
citrate are added to 18 mL of H20 and stirred. Next, 0.5 mL 
of freshly prepared 0.1 M NaBH; is added and the solution 
color changed from colorless to orange. The solution is left 
undisturbed for 2 h. The resulting spherical gold nanoparticles 
(4 nm in diameter) are active for 3 h after preparation |12]. 


. A 15.0 pL aliquot of as-prepared Au NP seeds solution is 


dropped into the paper sample zone of bare paper working 
electrode (PWE) and incubated for 1 h, then thoroughly 
washed with water to remove loosely bound Au NP seeds 
(The detail washing procedure see Subheading 4. All the fol- 
lowing wash methods see Note 6). 


. A 20 pL aliquot of freshly prepared growth aqueous solution of 


10 mM PBS (pH 7.0) containing 1.2 mM HAuCl,, 2.0 mM 
CTAC, and 7.2 mM H320, for seed growth is applied to the Au 
NPs seeded PWE and incubated at room temperature for 
10 min to obtain the porous Au-PWE. 


. The porous Au-PWE is thoroughly washed with water and 


dried at room temperature for 20 min. 


The porous Pd—Au bimetallic is prepared by wet-chemical 
synthesis [13, 14]. A 2.0 mL aliquot of 10 mM Na¿PdCl4 
solution, 0.5 mL of 10 mM HAuCly, solution, 0.1 g HDPC, 
and 25 mL H2O are mixed, then added into a 50 mL vial. 
After homogeneous mixing, a freshly prepared 1.5 mL aliquot 
of 0.1 mM AA solution is added quickly to the mixture under 
gentle oscillation. After the vial is sealed, the resulting mixture 
is left at 35 °C for 3 h. 


. The black porous Pd—Au bimetallic nanostructures are isolated 


from the solution by centrifugation at 10,000 rpm 
(12,333 x g) and purified by thrice washing with copious 
amount of Milli-Q water, followed by washing with absolute 
ethanol and vacuum dried. 
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3. For immobilization of antibody (Ab2) on Pd—Au bimetallic 
nanoparticles, 100 pL of 10 pg/mL antibody solution is 
mixed with 1.0 mL of 1.0 mg/mL Pd—Au solution, then 
incubated at 4 °C for 2 h. Subsequently, physically absorbed 
excess antibody is rinsed with washing buffer solution by cen- 
trifugation. Finally, 0.5 mL of 10% BSA is added to the above 
1.0 mL antibody—Pd—Au solution and left for 1 h to cover the 
possible remaining active sites. 


3.5 Construction 1. For immobilization of the primary antibody (Ab1) on the Au 
of the Sensor on working electrode of lab-on-paper, 10 pL of 10 pg/mL anti- 
Lab-on-Paper body stock solution in Pd—Au solution is dropped onto the Au 


working electrode of lab-on-paper, and incubated at 4 °C for 
4 h. The unbound antibodies are rinsed off with washing buffer 
solution. 


2. A 10 pL aliquot of 10% BSA solutions is then spotted sepa- 
rately on the working electrode. Antibody-immobilized Au 
working electrode of lab-on-paper is then subjected to BSA 
blocking solution at 37 °C for 1 h to block active site (shown 
in Scheme 3). 


3. The antigen stock solution is serially diluted with 0.01 M PBS 
(pH 7.4) to establish the calibration curve. 10 uL of each of the 
solutions is applied in the sample zone. The reaction is incu- 
bated for 40 min at room temperature and unbound antigen is 
removed by rinsing with PBS. 


4. The antibody-labeled Pd—Au bimetallic nanoparticle solution is 
applied to the sample zone to react with antigen captured by 
the antibody immobilized on the Au-PWE. After 40 min incu- 
bation at room temperature, the unbound Pd—Au bimetallic- 
labeled antibodies are rinsed off with PBS. 


5. When the prepared lab-on-paper and antibody-labeled Pd—Au 
bimetallic nanoparticle solution are not in use, they could be 
stored at 4 °C for at least 1 month without obvious signal 
change. 






bare paper 


j4 Antibody @ BSA 


Scheme 3 Schematic representation of the immunosensor on lab-on-paper, (7) 
Au NP growth on the surface of cellulose; (3 antibody immobilization; (3) BSA 
blocking active site; (4) immunoreaction Ab1 and antigen; (5) after incubation 
with signal antibodies 


ia 
W 
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3.6 Electrochemical 1. A 10 pL aliquot of pH 7.4 PBS solution with 10 uM thionine 


Measurements (as a mediator) and 10 mM H203 is added to the working zone 
of Antigen on the of lab-on-paper. 
Lab-on-Paper 2. The quantitative detection of antigen 1s performed by differen- 


tial pulse voltammetry (DPV) of the lab-on-paper. First, con- 
nect the silver conductive pads of lab-on-paper with electrode 
wire aiming at the connection of lab-on-paper and electro- 
chemical station. Second, open the software of electrochemical 
station and select the experimental technique of differential 
pulse voltammetry. Third, set the initial potential to 
—200 mV, terminal potential to 600 mV and pulse amplitude 
to 20 ms. The DPV peak current regarded as the signal of the 
immunoassay is relevant to the concentration of analytes. 


3. Control signal is the average current value obtained from six 
determinations without antigen on the lab-on-paper. 


4. The average current signal is proportional to the logarithmic 
value of the antigen concentration, which generated the regres- 
sion equation (An example is listed in Subheading 3.7). 


5. Unknown concentration of antigen can be detected from a plot 
of values as a function of the logarithmic value of the known 
antigen concentration. 


6. Different concentrations of clinical serum specimens are 
assayed with the proposed lab-on-paper. When the levels of 
tumor markers are higher than the upper limit of calibration 
ranges, serum samples are serially diluted with 0.01 mol/L 
PBS, pH 7.4, prior to the assay. 


3.7 Sample 1. Cancer antigen 125 (CA 125) as an example: Add 10 pL 
Application aliquots of the CA 125 standard dilutions with 107°, 1077, 
0.1, 1.0, 10, 107, 10° U/mL in lab-on-paper. 


2. Differential pulse voltammetry is performed to determine CA 
125. The DPV peak currents are enhanced with the increasing 
concentration of CA 125, as shown in Fig. la, b. 
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Fig. 1 (a) DPV curves of the electrochemical sensors toward different concentrations of CA 125; (b) calibration 
curve 


4 Notes 
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. The calibration plots show good linear relationships between 


the peak currents and the logarithm of the CA 125 concentra- 
tions. The linear regression equation is J= 8.01 log c + 38.71 
with a correlation coefficient of R = 0.987 (n = 5), where Tis 
the peak current intensity and cis the CA 125 concentration. 


. Determination of the CA 125 concentration of sample. The 


linear regression equation is used to obtain this value. 


. pH 7.0 phosphate buffer solution is prepared by dissolving 


0.6764 g of NaH»,PO4-12H,O and 0.4836 g of NaH- 
PO,:2H,>O in 500 mL of water. 


. Phosphate buffer solution of pH 7.4 is prepared by dissolving 


0.3382 g of NaH,PO4-12H,O and 0.6318 g of NaH- 
PO,-:2H>O in 500 mL of water. 


. Washing buffer solution is prepared by adding 0.5 mL of 


Tween 20 in 1 L of PBS of pH 7.4. 


. Antibody and antigen: These stock solutions are stored at 


—20 °C. Working solutions are prepared by diluting the stock 
solution immediately before use. 


. The screen printing plate is customized after purchase from 


Henglitong company, Jinan, China. We produce the electrode 
pattern of the screen printing plate using Adobe illustrator CS4 
software. A screen printing plate is made of a piece of porous, 
finely woven nylon mesh stretched over a frame of aluminum or 
wood. Areas of the screen are blocked off with a nonpermeable 
material to form a stencil bearing a negative of the image to be 
printed, that is, the open spaces are where the ink will appear. 


. Washing procedure: The electrodes are washed by adding 


20 uL of water, ethanol or washing buffer onto the top of the 
electrode while pressing the bottom of the electrode against a 
piece of blotting paper. The washing buffer permeates the 
paper and migrates along the paper channels by capillary and 
gravity action to wash the electrodes, and carries the unbound 
reagents with it into the blotting paper. This washing proce- 
dure is repeated in triplicate to ensure complete washing. The 
printed electrodes are firmly attached to the paper surface due 
to the penetration of ink binding reagents into the paper 
matrix, and thus do not break or peel off from the device 
upon washing and folding. The washing process is important 
for preventing nonspecific binding and achieving the best pos- 
sible signal-to-background noise ratio. 
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Chapter 10 


Electrochemical Biosensors Combined with Isothermal 
Amplification for Quantitative Detection of Nucleic Acids 


Miyuki Tabata, Bo Yao, Ayaka Seichi, Koji Suzuki, and Yuji Miyahara 


Abstract 


In recent years, various isothermal amplification techniques have been developed as alternatives to 
polymerase chain reaction (PCR). The integration of isothermal amplification with electrical or electro- 
chemical devices has enabled high-throughput nucleic acid-based assays with high sensitivity. We performed 
solid-phase rolling circle amplification (RCA) on the surface of a Au electrode, and detected RCA products 
in situ using chronocoulometry (CC) with [Ru (NH3)¢]** as the signaling molecule. Detection sensitivity 
for DNA and a microRNA (miR-143) was 100 fM and 1 pM, respectively. Furthermore, we conducted 
potentiometric DNA detection using an ethidium ion (Et”)-selective electrode (Et™ISE) for real-time 
monitoring of isothermal DNA amplification by primer-generation RCA (PG-RCA). The Et“ISE potential 
enabled real-time monitoring of the PG-RCA reaction in the range of 10 nM—1 uM of initial target DNA. 
Devices based on these electrochemical techniques represent a new strategy for replacing conventional PCR 
for on-site detection of nucleic acids of viruses or microorganisms. 


Key words Biosensor, Isothermal nucleic acid amplification, Chronocoulometry, Ion selective 
electrode, microRNA, PCR 


1 Introduction 


Nucleic acid amplification for detection of DNA or RNA is an 
indispensable technique in many fields of life science, with applica- 
tions ranging from molecular diagnosis of bacterial or viral species 
in blood or food to clinical studies on tumors or other diseases 
in the context of personalized medicine. The development of 
real-time monitoring of the polymerase chain reaction (PCR) 
represented a major breakthrough in quantitative detection of 
nucleic acids. Most current real-time PCR systems employ 
fluorescence-based detection using intercalating reagents (e.g., 
SYBR Green) or sequence-specific reporter probes to quantitate 
amplified PCR products. The resulting curve of fluorescence 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
DOI 10.1007/978-1-4939-6911-1_10, © Springer Science+Business Media LLC 2017 
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intensity enables measurement of nucleic acid concentration over a 
wide range (8 orders of magnitude) with high sensitivity (<5 
copies) and high precision (<2% standard deviation). Over the 
last few decades, several infectious diseases have emerged, including 
AIDS, SARS, influenza, and Ebola; these illnesses threaten the lives 
and health of people around the world. Consequently, global 
efforts are being made to control and monitor these emerging 
infectious diseases. In one approach within this broad strategy, 
miniaturized nucleic acid amplification systems have been inten- 
sively studied as alternatives for point-of-care testing. However, 
optical detection schemes limit the miniaturization of the total 
PCR system, and the addition of exogenous fluorescent reagents 
sometimes inhibits the DNA polymerase. Because they require 
minimal instrumentation and low electrical power, however, elec- 
trical /electrochemical detection methods provide promising alter- 
native detection schemes that could overcome these issues in the 
context of point-of-care testing devices [1, 2]. Furthermore, non- 
optical sensing devices can be easily fabricated using fine processing 
technology, and highly integrated sensor arrays can be realized 
using the advanced complementary metal-oxide-semiconductor 
(CMOS) process. 

P. Bergveld created the first ion-sensitive field-effect transistor 
(ISFET)-based biosensor in 1970 [3]. ISFET (ion-sensitive field- 
effect transistor) biosensors are composed of sensor surfaces func- 
tionalized by immobilization of probe biomolecules used as trans- 
ducers /detectors. Various types of bioanalytes can be coupled with 
ISFETs such as genetic ISFETs, cell-ISFETs, or immuno-ISFETs. 
ISFETs take advantage of the fact that field effect transistors (FETs) 
change their source-drain “channel” conductivity depending on 
the electric field of their environment. Essentially, the output signal 
is a gate voltage or drain current that changes charge density on the 
gate surface before/after the molecular recognition event. One of 
the most successful examples of commercialized products exploit- 
ing these technologies is the Ion Torrent (Thermo Fisher Scientific) 
semiconductor chip-based DNA sequencer, launched in 2012 
[4-6]. As shown in Fig. 1, millions of ion-sensitive field-effect 
transistors (ISFETs), which detect released protons during PCR, 
are integrated in a chip with a well structure. Template DNA 
strands are immobilized on the surface of microbeads, which are 
captured into the well structures. After single-base synthesis by 
DNA polymerase, the resulting pH change is detected by 
pH-sensitive ISFET to confirm the extension reaction. ISFETs 
have also been used as detectors for real-time PCR, replacing 
fluorescence detection. However, the electrical properties of 
ISFETs change significantly during PCR thermal cycles. To over- 
come this problem, current work has focused on combining of 
isothermal nucleic acid amplification (rather than PCR) with 
electrical/electrochemical devices [7, 8]. There are several 
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Fig. 1 Commercially available transistor-based DNA sequencer. For sequencing on transistors, templates 
immobilized on the beads are amplified by emulsion PCR. One of the beads is captured in a well formed on the 
gate of a transistor, and then the proton released during the PCR is detected at the surface of the transistor (at 
the bottom of the well. (a) Schematic illustration of the sequencing mechanism and electron micrograph 
showing wells. (b) lon chip on wafer, die, and chip packaging. Reproduced with permission from [5] 


electrochemical nucleic acid detection methods employing 
amperometry, voltammetry, and AC-impedance. Solid-phase and 
solution-phase nucleic acid amplifications combined with electro- 
chemical methods are summarized in the Ref. [9]. Intercalator- or 
redox marker-mediated electron transfer on the sensor surface is 
employed as a manner of electrochemical signal readout. For iso- 
thermal nucleic acid amplification combined with electrochemical 
measurement, loop-mediated isothermal amplification (LAMP) 
and rolling circle amplification (RCA) are often used. Because 
these amplification processes are conducted by a strand-displacing 
DNA polymerase at a constant temperature, their performance is 
comparable to that of PCR. Thus, simpler, miniaturized high- 
throughput measurements for point-of-care testing devices could 
be realized by combining electro/electrochemical devices and iso- 
thermal nucleic acid amplification methods. 

In this chapter, we describe quantitative detection of nucleic 
acids by monitoring the products of isothermal amplification using 
electrochemical devices, including our own research on this topic 
[10, 11]. 
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2 Materials 


2.1 Chronocoulo- 
metric microRNA 
Detection Combined 


with Rolling Circle 2 


Amplification (RCA) 


Table 1 


. Ethylenediamine, N-(3-dimethylaminopropyl)- N’-ethylcarbo- 


diimide hydrochloride, and 6-mercapto-1-hexanol (MCH) 
were purchased from Sigma-Aldrich Corp. (Shanghai, China). 


. HAuCl, and Na,SO3 were purchased from Sinopharm (Beij- 


ing, China). 


. Na3Au(SO3)2 was purchase from Changzhou Institute of 


Chemical Research (Changzhou, China). 


. Bovine serum albumin (BSA) was purchased from Sangon 


(Shanghai, China). 


. Exonuclease I and Exonuclease III were purchased from New 


England Biolabs (Beijing, China). 


. TIANquick oligo DNA purification kit was purchased from 


Tiangen (Beijing, China). 


. Achromium quartz mask photomask substrate was purchased 


from Changsha Shaoguang Inc. (Changsha, China). 


. The circular probe was circularized using a commercially avail- 


able ligation kit (CircLigase II ssDNA Ligase, Epicentre, 
China). MicroRNAs and DNA probes were purchased from 
Sangong (Shanghai, China); sequences are listed in Table 1. 


. NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific 


Inc., Kanagawa, Japan) was employed for determination of 
nucleic acids concentration. CC was measured using AutoLab 
(PGSTAT302, Eco Chemie, Netherlands). 


Sequences of DNA oligomers and microRNAs designed for RCA-CC device 


Oligo DNA/microRNA 


Circular probe 


DNA probel 
DNA probe2 
mir- 143 

mir- 1 

mir- 122 
mir-145 


Sequence 


5'-phos-GTGGTTGTCTTCTCCTCAGCTCTATCGGATTTGTATCTC 
TCCTCAGCCTATCGGATTTGTATCTCTAAGCAGT 


5’-thiol- AAAAAAAAAAAAAAAAAAAAGAGCTACAG 
5'-TGCTTCATCTCAAAAAAAAAAAAAGACAACCACACTGCTTAGA 
5’-UGAGAUGAAGCACUGUAGCUC 
5’-UGGAAUGUAAAGAAGUAUGUAU 
5’-UGGAGUGUGACAAUGGUGUUUG 
5’-GUCCAGUUUUCCCAGGAAUCCCU 


Solid, bold, and double solid underlines indicate hybridization sequences between DNA probe 1 and miR-143, between 
miR-143 and DNA probe 2, and between DNA probe 2 and circular probe, respectively 
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2.2 Real-Time DNA 
Amplification 
Monitoring Using 
Micro Et’ sensor 

and Primer-Generation 
RCA (PG-RCA) 


l 


10. 


ll. 


12. 


13. 


14. 


15. 


16. 


LZ, 


. Silicon tube (1.0 mm, inner diameter; 1.5 mm, outer diameter) 


purchased from Sanplatec Co., Ltd. (Osaka, Japan). 


. Ag wire (0.5 mm diameter) from Nilaco Corporation (Tokyo, 


Japan) were used to fabricate Et ISEs. 


. A capillary tube (1.0 mm, inner diameter; 1.5 mm, outer 


diameter) for the small reference electrode was purchased 
from Sanyo Rikagaku Co., Ltd. (Tokyo, Japan). 


. Ag/AgCl ink for the reference electrode was purchased from 


BAS Inc. (Tokyo, Japan). 


. Potassium-tetrakis (4-chlorophenyl) borate (KTpCIPB), Silo- 


prene K1000, and Siloprene cross-linking agent K-11 were 
obtained from Sigma-Aldrich (St. Louis, MO). 


. Tris-HCl buffer (pH 7.0) was purchased from Kanto Chemical 


(Tokyo, Japan). 


. Ethidium bromide (EtBr), NaCl, MgCl, Na HPO,3, citric 


acid, tetrahydrofuran super dehydrated stabilizer free (THF), 
and KCl (saturated solution) for electrodes were purchased 
from Wako Pure Chemical Industries Ltd. (Osaka, Japan). 


. Agarose S tablet, 50x TAE (Tris acetate EDTA) and Gene 


Ladder Wide 1 were purchased from Nippon gene Co., Ltd. 
(Tokyo, Japan). 


. CircLigase II 10x reaction buffer, 50 mM MnCh, CircLigase 


II ssDNA ligase, and exonuclease I were purchased from Epi- 
centre Biotechnologies (Madison, USA). 

10x NE buffer 2 (50 mM NaCl, 10 mM Tris-HCl, 10 mM 
MgCl, 1 mM DTT (dithiothreitol)), phi29 DNA polymerase, 
and Nb.BbvCI nicking endonuclease were purchased from 
New England Biolabs Japan Inc. (Tokyo, Japan). 

6x Loading buffer and dNTP mixture (2.5 mM each) were 
bought from Takara Bio Inc. (Shiga, Tokyo). 

The circular probe was purified using the QIAquick Nucleotide 
Removal Kit (Qiagen, Tokyo, Japan). 

Oligo DNA for circular probe (PAGE-purified) was obtained 
from Nippon Gene Co., Ltd. (Tokyo, Japan). 

Target DNA (PAGE-purified) was obtained from Gene Design 
Inc. (Osaka, Japan). Sequences are listed in ‘Table 2. 

Potential measurements were performed using the open- 
circuit potential-time mode of the electrochemical analyzer, 
Model 660A (BAS Inc., Tokyo, Japan). 

The Ag/AgCl saturated KCl reference electrode and the Fara- 
day cage were purchased from BAS Inc. (Tokyo, Japan). 
Thermal incubation was done in a mini dry bath incubator 
(Hangzhou Allsheng Instruments Co., Ltd., Zhejiang Prov- 
ince, China). 
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Table 2 


Sequences of DNA oligomers used in PG-RCA 


Oligo DNA Sequence 


Circular 5’-phos- GIGGTTGTCTTCTCCTCAGCTCTATCGGATTTGTATCTCTCCT 
probe CAGCCTATCGGATTTGTATCTCTAAGCAGT 


Target DNA CAACCACACTGCTT 


Blue and red characters show hybridizing sequences between circular probe and target DNA. Solid underline indicates 
sequences recognized by Nb.BbvCI nicking endonuclease 


3 Methods 


3.1 Chronocoulo- 
metric microRNA 
Detection Combined 
with Rolling Circle 
Amplification (RCA) 


18. The DNA concentration was determined using a NanoDrop 
2000/2000c (Thermo Fisher Scientific Inc., Kanagawa, Japan) 
instrument. 


19. 


20. 


Agarose gel electrophoresis was performed using a Mupid®- 
exU (Takara Bio Inc., Shiga, Japan) system. 


The EtBr fluorescence on gels was measured with a 2UV 
transilluminator (BM Equipment Co., Ltd., Tokyo, Japan). 


. Mask fabrication. 


(a) A chromium quartz mask was fabricated from a commer- 


(a) 


cially available photomask substrate consisting of three 
layers (1 pm photoresist, 0.1 um Cr, and 1.6 mm quartz, 
respectively) by photo lithography. Micro-patterns on the 
quartz substrate were formed by using standard photoli- 
thography previously reported | 12 |. The photo image was 
shown in Fig. 2. 


. Fabrication of three-gold electrode biosensors. 


After a 63 x 63 x 1.6 mm polystyrene (PS) sheet was 
exposed to UV light (254 nm) for 6 h, the sheet was 
immersed for 3 h at room temperature in 100 mM phos- 
phate buffer (pH 7.0) containing 360 mM ethylenedia- 
mine and 50 mM _  N-(3-dimethylaminopropyl)- N’- 
ethylcarbodiimide hydrochloride. The PS sheet was then 
rinsed with deionized water. 


Subsequently, the partially aminated sheet was treated 
with 1 mM HAuCl, solution for 2.5 h, and then with 
0.1 M NaBH; solution for 20 min. The gold—nanoparti- 
cle catalysts formed on the area exposed to UV light. To 
remove nonspecifically adsorbed gold species, the sheet 
was sonicated in 0.5 M KSCN solution for 20 min. 


The activated PS sheet was submerged for 3 h in a gold- 
plating bath containing 0.125 M NaSO; and 8 mM 
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Fig. 2 Picture of a chromium quartz mask 


Na3Au(SO3),. After the sheet was rinsed with deionized 
water, the gold electrode formed on the PS sheet was 
baked at 80 °C for 1 h. 


3. Functionalization of gold electrode. 


(a) 


Before use, gold electrodes were subjected to electro- 
chemical cleaning by cyclic voltammetry in 100 uL of 
0.1 M HSO; using the following parameters: potential 
range, —0.5 to 1.0 V; scan rate, 1 V/s, 100 cycles. 


The clean and dry gold substrate was immersed in 1 pM 
thiolated DNA probe 1 in I-Buffer (10 mM Tris-HCI], 
1 mM EDTA, 0.1 M NaCl, 10 mM TCEP, pH 7.4) for 3h 
at room temperature. After rinsing with Milli-Q water, the 
electrodes were immersed in 1 mM MCH for at least 2 h. 
Next, the electrodes were immersed in 1 mg/mL bovine 
BSA for 1 h to cover the active groups on the gold surface. 
Finally, the electrodes were rinsed with Milli-Q water and 
dried under nitrogen flow. 


The surface density of DNA probe 1 was characterized 
using CC and calculated from Eqs. (1) and (2). The value 
was determined in the range 1 x 1012-6 x 1012 mole- 
cules per cm”. 


4. Circular probe preparation. 


(a) 


A mixture containing 1 uM circular probe, reaction buffer, 
205 mM MnCh, and 5 U/L CircLigase II ssDNA Ligase 
was incubated at 60 °C for 1 h. To inactivate the ligase, the 
mixture was subsequently incubated at 80 °C for 20 min. 
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(b) 


(c) 


To remove the remaining linear sequence, 10 U Exonu- 
clease I and 100 U Exonuclease III were added to the 
mixture, which was incubated at 37 °C for 2 h. To inacti- 
vate the exonucleases, the mixture was subsequently incu- 


bated 80 °C for 20 min. 


The ligated circular probe was purified using the TIAN- 
quick oligo DNA purification kit and quantified using a 
NanoDrop 2000 spectrophotometer. 


5. microRNA detection by CC and solid-phase RCA. 


(a) 


(c) 


CC measurement was performed using two step potential 
method (from 500 to 0 mV at 50 mV/s) at room temper- 
ature. The measurement buffer was 10 mM Tris-HCl (pH 
7.4) containing 50 uM RuHex. 


In CC measurement, the Cottrell equation can be adapted 
when the fast electrode reaction is diffusion-limited. The 
charge Q, as a function of time t, can be expressed by the 
integrated Cottrell equation (Eq. (1)). 


Q = 2FnAC (P) + Q. + Quas (1) 


where F is the Faraday constant, n the number of electrons 
involved in electrode reaction, A the electrode area (cm), 
Cp, the bulk concentration (mol/cm*), D the diffusion 
coefficient (cm?/s), tthe time (s), Q, the capacitive charge 
(coulomb), and Qas the charge produced by the adsorbed 
reactant. From Faraday’s law, Q,4, can be expressed by 


Eq. (2). 
Oa = nFAD (2) 


where T is quantity of adsorbed reactant (mol/cm~). One 
mole of ruthenium (III) hexammine (RuHex), a cationic 
redox marker, can electrostatically trap three moles of 
nucleic acid phosphate groups. In the presence of 
RuHex, CC gives a direct signal proportional to the num- 
ber of nucleic acid phosphate groups at the electrode 
surface. Typical CC data was shown in Fig. 3. 


A mixture containing 1 uM circular probe, reaction buffer, 
205 mM MnCh, and 5 U/L CircLigase II ssDNA Ligase 
was incubated at 60 °C for 1 h. To inactivate the ligase, the 
mixture was subsequently incubated at 80 °C for 20 min. 


To remove the remaining linear sequence, 10 U Exonu- 
clease I and 100 U Exonuclease III were added to the 
mixture, which was incubated at 37 °C for 2 h. To inacti- 
vate the exonucleases, the mixture was subsequently incu- 


bated 80 °C for 20 min. 
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Fig. 3 Typical chronocoulometry plot of immobilization of a single stranded DNA 
probe on gold electrodes (black plots), hybridization with 10 nM of target 
molecules (red plots) and 4-h RCA amplification (green plots) 


(e) 


The ligated circular probe was purified using the TIAN- 
quick oligo DNA purification kit and quantified using a 
NanoDrop 2000 spectrophotometer. 


As shown in Fig. 4, solid-phase RCA was performed on 
the gold electrode surface on which DNA probe 1 was 
immobilized. 


The gold electrode bearing immobilized DNA probe 1 
was immersed in hybridization buffer containing 10 mM 
Tris-HCl, 50 uM ruthenium (III) hexammine (RuHex, 
Aldrich, China), and microRNA 143 (miR-143) see Note 
l, and DNA probe 2 at room temperature for 1 h. After 
this hybridization process, the electrode was rinsed three 
times with Milli-Q water and 10 mM Tris-HCl buffer. 


Based on the CC measurement, about 10% of probe 1 was 
consumed by hybridization with target microRNAs in the 
presence of 10 nM miR-143 and probe 2. 


RCA reaction mixture containing 50 mM Tris-HCl (pH 
BSA, 400 uM dNTP, 3 U of phi 29 DNA polymerase 
(New England BioLabs, China), and 15 nM circular 
probe was placed onto the electrode and incubated at 
30 °C for 10 min—16 h. RCA reaction time was optimized 
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Fig. 4 RCA-CC biosensor for microRNA detection. (a) Integrated gold electrodes were fabricated on polysty- 
rene substrate by chemical plating. (b) Schematic illustration of three-gold electrode substrate. (c) After 
immobilization of DNA probe 1 on the working electrode, microRNA and DNA probe 2, which are partly 
complementary, hybridize to it, and then solid-phase RCA is initiated by phi29 DNA polymerase at 30 °C. If no 
hybridization takes place, the RCA reaction does not proceed 


at 2 h because the reaction rate did not change after 4 h 
(Fig. 5a). 

(j) Sensitivity of the RCA-CC assay was examined using 
stepwise diluted target miR-143 (concentration range, 
10 fM-10 nM), and the RCA reaction was performed at 
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Fig. 5 Optimized condition and detection performance for RCA-CC system. (a) Effect of RCA reaction time on 
CC signal. The data were acquired at 10, 30, 60, 120, 240, 480, and 960 min. (b) Detection sensitivity of miR- 
143, varying concentration from 10 fM to 100 nM. Solid-phase RCA reaction was performed at 30 °C for 2 h. 
(c) Confirmation of detection limit of miR-143 in human blood samples. Delta charge shows the difference in 
the CC signal before and after RCA. (d) Selectivity assay in the presence of contaminating microRNAs 


30 °C for 2 h. As shown in Fig. 5b, the detection limit was 
100 fM, and was improved by RCA (detection limit of 
hybridization was 10 nM). 


Figure 5c shows the detection of miR-143 spiked in 
human blood samples (see Notes 1 and 2); the RCA 
reaction was performed at 30 °C for 2 h. The detection 
threshold of miR-143 in blood samples was 1 pM, with a 
dynamic range from 1 pM to 1 nM. 


Selectivity of the RCA-CC assay was also confirmed at 
100 pM miR-143 and equal amounts of other micro- 
RNAs, including miR-1, miR-122, and miR-145. The 
concentration of DNA probe 2 added was 10 nM, and 
the RCA reaction was performed at 30 °C for 2 h. The 
delta charge value of miR-143 obtained by the RCA-CC 
assay was significantly higher than those of miR-1, 
miR-122, and miR-145 (Fig. 5d). 
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3.2 Real-Time DNA 
Amplification 
Monitoring Using 
Micro Et" Sensor 

and Primer-Generation 
RCA (PG-RCA) 


(a) 


l. Preparation of ethidium ion selective electrode (Et™ISE). 


A silicone-based Et”-selective membrane was prepared by 
dissolving 14 mg of KIpCIPB, 302.4 mg Siloprene 
K1000, and 33.6 mg Siloprene cross-linking agent K-11 
in 1.0 mL THF. The end of a silicon tube (3.0 cm) was 
dipped in the membrane solution, removed, and allowed 
to dry. 


The tube covered with the resultant membrane was filled 
with internal solution consisting of 10 mM KCI and 
10 mM phosphate buffer (pH 7.0). Ag/AgCl ink was 
applied to half of length of a Ag wire (7.0 cm). The Ag/ 
AgCI wire was inserted, and the top of the tube was sealed 
with Parafilm. Finally, the Et"ISE was conditioned by 
soaking overnight in conditioning solution. The fabri- 
cated Et" ISE system is shown in Fig. 6. 


The electrical properties of Et"ISE exhibit Nernstian 
behavior. According to the Nernst equation (Eq. ((3)), 
the linear dependence of electrode potential on log [ Et” | 
can be obtained. 


E = Eo + (2.303%7/, „loga (3) 


where Eo is the standard electrode potential, R the ideal 
gas constant, Tthe temperature in Kelvin, z the number of 
moles of electrons, F the Faraday constant, and a the ion 
activity. 


2. PG-RCA. 


(a) 





The circular probe was prepared as described by Mura- 
kami et al. [13]. Briefly, 20 uL of mixture containing 
1.0 pM circular probe, reaction buffer, 2.6 mM MnCl, 


a) Reference electrode (Ag/AgCl) 


b) Working electrode ( Et* ISE) 


“~ A Ag/AgCl wire 





Internal solution 


"iis ws Et* selective membrane 
H---- 
1.5 mm 


Fig. 6 Photo image of Et*ISE combined with Ag/AgCl reference electrode 


Target DNA 
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and 5.0 U/pL CircLigase II ssDNA Ligase were incu- 
bated at 60 °C for 2 h. The mixture was incubated at 
80 °C for 10 min to inactivate CircLigase II ssDNA 
Ligase. Subsequently, the unligated linear sequence was 
digested by addition of Exonuclease I (10 U/pL) and 
incubation at 37 °C for 2 h, followed by incubation at 
80 °C for 5 min to inactivate the exonuclease I. The 
ligated circular probe was purified using the QIAquick 
Nucleotide Removal Kit. On average, the concentration 
of circular probes was 300-800 nM in 40 pL. 


(b) A schematic illustration of PG-RCA is shown in Fig. 7. 


PG-RCA reaction solution (30 pL) contained NE buffer, 
500 pM dNTP mix, 50 nM ligated circular probe, 
0.04 U/L phi29 DNA polymerase, 0.4 U/pL Nb. 
BbvCI nicking endonuclease, 50 uM EtBr, and various 
concentrations of target DNA. Potential change was 
monitored at 37 °C for 2 h, and the reaction was termi- 
nated by incubation at 80 °C for 20 min. 


3. Electrical properties of Et ISE. 


(a) 


Circular probe 





To evaluate the different membrane composition of 
Et ISE, potential changes at various EtBr concentrations 
(107-107? M) were measured. The ratio of Siloprene 
K1000 and Siloprene cross-linking agent K-11 was fixed 
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Fig. 7 Schematic illustration of PG-RCA on gold electrode. When the circular probes hybridize to the target 
DNA, linear RCA reactions occur by strand displacement by phi29DNA polymerases. Subsequently, multiple 
primers are produced by nicking enzymes. Exponential amplification proceeds at a constant temperature 


(around 30 °C) 
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at 5, 7, or 9:1 with constant weight of 4% KTpCIPB in 
30 uL of 10 mM Tris-HCI buffer (pH 7.0) containing 
EtBr. 


At ratios of 5:1 and 7:1, the potential traces were not 
sufficiently reproducible (Fig. 8a). On the other hand, at 
a ratio of 9:1, the traces were close to the Nernstian slopes 
(61.5 mV/activity decade at 37 °C). The response time 
(t 95%) was within 5 s, and the potential almost 
completely stabilized within 30 s. 


4. Optimization of EtBr concentration for PG-RCA monitoring. 


(a) At high concentrations, DNA intercalators such as EtBr 


can inhibit DNA amplification. To examine the influence 
of the inhibitory effect of EtBr on DNA amplification 
efficiency, PG-RCA (target DNA: 1 uM, 100 nM, 
10 nM) was performed at various concentrations of EtBr 
(107-1074 M) (Fig. 8b). 

In order to measure a high potential response, the initial 
EtBr concentration must be high. After considering the 
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Fig. 8 Fabrication of proper Et"ISE-PG-RCA system. (a) Comparison of electrical property caused by the 
difference of the Et” selective membrane composition. (b) Electrophoresis images of PG-RCA amplicons in the 
presence of different EtBr concentrations 
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DNA amplification efficiency, 50 pM EtBr was chosen for 
potentiometric measurements. 


5. Real-time PG-RCA detection using micro Et"ISE. 


(a) The Et°ISE system for potentiometric measurement on 


PG-RCA is shown in Fig. 9a. From Eq. ((3), the potential 
that develops in this Et*ISE is proportional to the log of 
the Et* ion activity in the PG-RCA solution. The real-time 
potential shift during PG-RCA was measured by an 
electrometer as difference between reference electrode 


(Ag/AgCl) and Et“ISE. 


(b) As PG-RCA progresses under isothermal conditions at 


37 °C, EtBr is bound to the newly formed DNA, reducing 
the free EtBr concentration in the sample solution. In this 
potentiometric measurement, the Et“ISE potential signal 
decreases during PG-RCA. 


(c) As shown in Fig. 9b, the potential signal decreased over 


time, and the decrease in the rate and range depended on 
the initial target DNA concentration. Furthermore, a con- 
stant potential was observed in the target DNA-free con- 
trol sample. When the PG-RCA condition was | pM initial 
target DNA and the initial concentration ratio of target 
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Fig. 9 Real-time PG-RCA monitoring using Et*ISE. (a) Setup for potentiometric 
measurement. (b) Monitoring of potential decrease caused by Et* binding to 
amplified DNA during PG-RCA 
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Chapter 11 


A Mint-Electrochemical System with Integrated Micropipet 
Tip and Pencil Graphite Electrode for Measuring Cytotoxicity 


Dong-Mei Wu, Xiao-Ling Guo, Qian Wang, Jin-Lian Li, Ji-Wen Cui, 
Shi Zhou, and Su-E Hao 


Abstract 


A novel mini-electrochemical system has been developed for evaluating cytotoxicity of anticancer drugs 
based on trace cell samples. The mini-electrochemical system was integrated by using pencil graphite 
modified with threonine as working electrode, an Ag/AgCl reference electrode and a micropipet tip as 
electrochemical cell. The mini-electrochemical system dramatically reduces sample volumes from 500 pL in 
a traditional electrochemical system to 10 pL, and exhibits excellent electrocatalytic activity toward oxida- 
tion of purine from MCE-7 cells due to increased sensitivity provided by threonine. Moreover, the 
relationship between peak current and the cell concentration in the range from 3.0 x 10° to 7.0 x 10° 
cells/mL was studied, and a nonlinear exponential relationship between them was established over a wide 
concentration range. In evaluating the effect of anticancer drugs on cell viability, the results of drug 
cytotoxicity test based on cyclophosphamide were in close agreement with classical 3-(4,5-dimethylthia- 
zol-2-yl)-2,5-diphenyltetrazolium (MTT) assays. The proposed device is so simple, cheap, and easy to 
operate that it could be applied to single-use applications. The mini-electrochemical system proved to be a 
useful tool and can be applied to electrochemical studies of cancer cells as well as other biological samples 
such as proteins and DNA. 


Key words Mini-electrochemical system, Micropipet tip, Pencil graphite electrode, MCF-7 cells, 
Anticancer drug sensitivity 


1 Introduction 


It is highly desirable to develop easy-to-use, simple, inexpensive, 
and miniaturized electroanalysis devices to detect cancer cells in the 
fields of cell biology, especially for application to in vitro anticancer 
drug sensitivity assays | 1, 2] and environmental toxicant screening 
[3, 4]. Traditional electrodes for detecting cells within the field 
focus on constructing nanomaterial and biomaterial modified elec- 
trodes such as carbon nanotubes, Au nanoparticles, and chitosan. 
However, these modified electrodes are bulky and require sophisti- 
cated, costly technologies presenting operational difficulties for 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
DOI 10.1007/978-1-4939-6911-1_11, © Springer Science+Business Media LLC 2017 


153 


154 Dong-Mei Wu et al. 


2 Materials 


electrochemical detection. Therefore, in order to reduce measure- 
ment cost a miniaturized detection system is highly desirable. Nev- 
ertheless, in current mini-electrochemical detection systems, Ag/ 
AgCl as a pseudo-reference electrode which cannot maintain a 
stable potential was usually used instead of the conventional Ag/ 
AgCI (Sat’d) electrode [5]. 

This chapter presents for the first time a novel and simple mini- 
electrochemical system having a pencil graphite electrode modified 
with threonine (PT/PGE) as working electrode, Ag/AgCl (Sat’d) 
and Pt wire as reference and counter electrodes, respectively, and an 
integrated micropipet tip. The cylinder-shaped pencil graphite is 
perfectly matched with micropipet tip, which possesses not only an 
adjustable active surface area, but also a large active surface in 
limited sample solution volume. These qualities are very helpful in 
improving the accuracy and sensitivity of detection. 

This reliable mini-electrochemical system revolutionizes the 
electrochemistry field by dramatically reducing the volume of cell 
samples to 10 pL and realizing sensitive determination of trace cell 
samples in a simple and economic way. Meanwhile the relationship 
between peak current and the cell concentration in range from 
3.0 x 10° to 7.0 x 10° cells/mL was studied, a nonlinear exponen- 
tial relationship between peak current and cell concentration is 
established over a wide concentration range and follows the index 
equation ip, = 59.557 e (—C/1.709) — 71.486 (R° = 0.954), 
where 21s peak current, C cell concentration, and ¢index. However, 
in previous work this was widely considered to be a linear relation- 
ship within a narrow concentration range [6, 7]. The intracellular 
electrochemical response ascribed to purine bases can reveal infor- 
mation about the effect of a stimulus on living cells [8]. We have 
developed the mini-electrochemical system in order to effectively 
evaluate the cytotoxicity of cyclophosphamide (CTX) for MCF-7 
cells based on the intensity change of purine bases in electrochemi- 
cal signal, Moreover, the MTT assay was performed to detect the 
cytotoxicity of CTX, and the results was consistent with that of 
electrochemical method in this chapter. 


1. As a supporting electrolyte in the electrochemical detection, 
0.2 M phosphate buffer solutions (PBS) with various pH values 
were prepared by mixing 0.2 M KH»,PO,4 and NazHPO, with 
different mole ratios. 


2. Potassium ferrocyanide was purchased from Shanghai Chemi- 
cal Reagent Co. Ltd. (China). 5 mM Fe(CN),° 7* containing 
0.1 M KCI (Merck) was prepared using doubly distilled water. 


3. Threonine was obtained from Sigma and the stock solution 
(2.5 mM) was prepared using pH 9.0 PBS. 


3 Methods 


3.1 Cell Culture 
and Collection 
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. Cyclophosphamide (CTX) and 3-(4, 5-dimethylthiazol-2-yl)- 


2,5-diphenyltetrazolium (MTT) were purchased from Sigma 
(USA). 


. Pencil graphite of type 2B with a diameter of 0.5 mm and a 


total length of 60 mm was purchased from Chen Guang Co. 
Ltd, China. 


. Pencil graphite of types HB, 2B, 4B, and 6B (diameter of 


2 mm) were obtained from Pentel Co. LTD, Japan. 


. Diameter of 3 mm Ag/AgCl (sat. NaCl) was purchased from 


CH Instruments (USA). 


. Pt wire (diameter of 0.5 mm) was purchased from Shanghai 


Cantechs Instrument Co., LTD. 


. Micropipet tip was purchased from Beijing Qingyun Biochem- 


ical Instrument Co. Ltd. 


. Teflon tubes (outside diameter of 0.56 mm) were purchased 


from Jiangyin Jianghuang Metal Hose Co. Ltd. 


. Culture dishes and 96-well plates were purchased from Corn- 


ing incorporated. 


. CHI 660D electrochemical workstation was purchased from 


CH Instruments (USA). 


. The fetal calf serum and DMSO were purchased from Sigma 


(USA). 


. Penicillin and streptomycin were purchased from Gibco (USA). 
. Dulbecco’s Modified Eagle Medium (DMEM) was purchased 


from Gibco (USA). 


. CO, incubator (Thermo, Series II Water Jacket) was purchased 


from USA. 


. CBC DRM-700 cell counting plate was purchased from 


Shanghai Chemical Reagent Co. Ltd. 


. 1500 # and 2000 # metallographic sandpaper was obtained 


from Shanghai grinding factory. 


. Formazan dye was purchased from Sigma (USA). 
. DG5031 microplate reader (Nanjing Huadong Electronics 


Group Co., Ltd., China) 


. MCF-7 cells were obtained as a gift from Institute of Biochem- 


istry, Northeast Forestry University (Harbin, China). 


1. Incell culture experiments, phosphate buffer saline (0.2 M PBS, 


pH 7.4) for cell was prepared by dissolving NaCl 7.983 g, KCl 
0.201 g, Na- HPO, 3.474 g, and HPO, 0.204 g in 500 mL of 
doubly distilled water. 


156 Dong-Mei Wu et al. 


3.2 Mini- 
Electrochemical 
System 


2; 


Dulbecco’s Modified Eagle Medium (DMEM) was supplemen- 
ted with 10% fetal calf serum, penicillin (100 mg/mL), and 
streptomycin (100 mg/mL) in a CO), incubator. 


. MCEF-7 cells were cultured in DMEM medium in an incubator 


(5% CO2, 37 °C), medium in the culture dishes was removed 
after 3 days, and the cells adhering to the culture dishes were 
washed three times with sterile pH 7.4 PBS. Six dishes of cells 
were cultured from the same initial number of cells at the same 
culture condition. Three dishes of cells were used for electro- 
chemical detection, three dishes for cell counting by a CBC 
DRM-700 cell counting plate. 


. 500 uL of pH 7.4 PBS was added to attached cells in the culture 


dishes, then they were heated in a 50 °C water bath for 30 min to 
obtain the final cell suspension. 


. The cell suspension (7.0 x 10° cells/mL) was serially diluted 


with 0.2 M PBS (pH 7.4) to obtain 10 sample solutions of 
concentrations 3.0 x 10°, 3.0 x 10*, 6.0 x 10*, 1.0 x 10°, 
4.0 x 10°, 6.0 x 10°, 1.0 x 10°, 3.0 x 10°, 5.0 x 10°, and 
7.0 x 10° cells/mL. 


. To study the cytotoxic effects of CTX on MCEF-7 cells, CTX was 


dissolved in ethanol and diluted to obtain seven solutions of 
concentrations 5, 25,50, 100, 200, 300, and 400 nM. The cells 
were counted and then sorted into eight incubation plates, each 
having a cell concentration of 2.0 x 10° cells/mL. The seven 
CTX solutions of different concentrations were added to the cell 
culture medium and subcultured for 30 h maintaining same 
culture conditions as for the experimental groups. Each mea- 
surement was repeated three times. 


. 60 mm-long pencil graphite 2B was cut in half and ground into 


needle-like structures by sanding on a 1500 # metallographic 
sandpaper (see Notes 1, 2), and then polished with 0.05 um 
alumina slurry on a 2000 # metallographic sandpaper until 
smooth surface was achieved. Subsequently, it was rinsed with 
doubly distilled water to remove any physically adsorbed sub- 
stances. A copper wire (diameter of 0.1 mm, length of 15 cm) as 
leading wire was wrapped onto the one end of pencil electrode 
for electrical contact with work station. 


. Three-electrode system containing a polished pencil graphite as 


the working electrode, a platinum wire as the auxiliary electrode 
and a saturated Ag/AgCl electrode as the reference electrode 
was used to prepare threonine modified pencil graphites (PT / 
PGE). All potentials were measured and reported versus the 
saturated Ag/AgCl electrode. 


3.3 Electrochemical 
Method and Tests 
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3. The modification of PGE was achieved as follows: An three- 


l. 


electrode system with a 15 mm of PGE working electrode was 
immersed into a bulk electrochemical cell containing 0.5 M 
H,SO, solution, the surface of PGE was electrochemical pre- 
treated by using cyclic voltammetry (CV) between —0.5 and 
1.5 Vat 100 mV/s for about 10 cycles until a constant back- 
ground curve was obtained. After the pretreatment, this three- 
electrode system was took out, washed, and immersed into 
another electrochemical cell containing 2.5 mM threonine for 
electropolymerization of threonine onto the pencil graphite 
electrode. The polymeric threonine film was deposited on pencil 
graphite to prepare PT/PGE by using CV, 20 successive poten- 
tial sweeps were applied between —0.6 and 2.3 Vat a scan rate of 
100 mV/s in pH 9.0 PBS (see Note 3). PT/PGE was washed 
with doubly distilled water and dried in air before introduction 
to the electrochemical system. The same modification procedure 
was repeated for each of polished PGE. 


. PT/PGE and a Pt wire were inserted into two Teflon tubes, 


respectively, and integrated to Ag/AgCl (Sat’d) by gluing the 
outer wall of two teflon tubes to wall of Ag/AgCl (Sat’d) 
reference electrode. Teflon tubes were used to insulate non- 
electrode portion of PT /PGE and Pt wire. Finally the integrated 
three-electrode combination was obtained, in which the length 
of PT /PGE and Pt was controllable. 


. A200 uL of micropipet tip was cut away about the tip third of it, 


retaining two-thirds was heat-sealed at the incision as the bot- 
tom, another opening end was remained. The micropipet tip as 
electrochemical cell was inserted vertically into a styrofoam 
holder. Microliter-scale of solution to be measured was accu- 
rately injected into the micropipet tip-based cell using a micro- 
pipet, then the integrated three-electrode combination was 
placed in the micropipet tip and positioned tightly for voltam- 
metric analysis (see Note 4). By coupling the three-electrode 
system in the micropipet tip-based cell, a fully mini- 
electrochemical system was developed for voltammetric analysis 
of MCE-7 cells. The system graph was shown in Scheme 1. 


CV and Linear scanning voltammetry (LSV) methods were car- 
ried out using a CHI 660D workstation. LSV is a voltammetric 
analytical method, in which the current at a working electrode is 
measured while the potential changes linearly with applied 
potential. In addition, this method offers several advantages 
such as simple, fast, high resolution and sensitivity analysis. 
When cells was detect directly on electrode in applied voltage 
range of 0-0.8 V by voltammetry, only an irreversible oxidation 
peak was found, while no corresponding reduction wave was 
observed in the reverse scan (from positive potential to negative 
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Scheme 1 Mini-electrochemical system 


2, 


potential). For this reason, LSV proved to be more efficient and 
accurate in electrochemical detection of cells, so a fast and direct 
electrochemical assay based on LSV signal of cells was developed 
to evaluate cytotoxicity of anticancer drugs. 


All of the electrochemical determination was carried out in this 
designed electrochemical system at room temperature. LSV 
measurements of MCF-7 cell suspensions were performed in 
pH 7.4 phosphate buffer from O to 0.8 V at scan rate of 
50 mV/s. All of electrochemical measurements except those 
specified in the text were immediately performed after PT/ 
PGE was immersed into the MCF-7 cell suspension with a 
preconcentration time of 480 s at 0 V. Each experimental mea- 
surement was repeated three times. 


3.4 Feasibility Test of 
Mint-Electrochemical 
System 


3.5 Voltammetric 
Behavior of MCF-7 Cell 
Suspension in Mini- 
Electrochemical 
System 
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Fig. 1 CVs of K4Fe(CN)s ~”? in different electrochemical system. (a) 20 uL K4Fe 
(CN) ~~° in mini-electrochemical system (b)10 mL K,Fe(CN)g °’ in 
conventional electrochemical system 


The feasibility of the mini-electrochemical system was investigated 
by CV measurements of 5 mM KyFe(CN), °”? in 0.1 M KCL. 
When 20 pL of K¿Fe(CN)s °”~* was transferred into the electro- 
chemical system. Then the CV voltammogram was recorded from 
0.0 to 0.60 V at scan rate of 50 mV/s (Fig. la). The results were 
compared with those acquired by dipping the PT/PGE in the 
conventional electrochemical cell containing a 10 mL 5 mM KyFe 
(CN), °”? solution (Fig. 1b). As shown in Fig. 1, the cyclic 
voltammogram obtained for 20 pL KyFe(CN), °’ in mini- 
electrochemical system was almost the same as that in the conven- 
tional electrochemical cell. It revealed that the mini- 
electrochemical system was feasible even though the sample volume 
was reduced 1000-fold compared with the conventional electro- 
chemical system. 


1.50 uL of PBS (pH 7.4) was transferred into the mini- 
electrochemical system containing PT /PGE or PGE of 12 mm 
length. Then, LSV was recorded from 0 to 0.80 V at scan rate of 
50 mV/s. 50 uL 4.5 x 10° cells/mL MCE-7 cell suspension was 
recorded as described above. The results are shown in Fig. 2. No 
oxidation peak could be observed on PGE and PT/PGE in pH 
7.4 PBS, while background currents on PT/PGE increased 
compared to that on PGE (Fig. 2a, c), which showed that 
threonine had been polymerized onto PGE surface. When the 
measurement was performed in the presence of freshly collected 
MCEF:-7 cells, no well-defined oxidation peak could be seen on 
PGE (Fig. 2b), a dramatic oxidation peak at 0.69 V was 
observed on PT /PGE because threonine exhibited electrocata- 
lytic properties toward the oxidation of electroactive species 
(Fig. 2d). 
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Fig. 2 LSVs of (a) PGE in pH 7.4 PBS, (b) PGE in MCF-7 cell suspension, (c) PT/ 
PGE in pH 7.4 PBS, and (a) PT/PGE in MCF-7 cell suspension, Cell concentration: 
4.5 x 10° cells/mL. Scan rate: 50 mV/s 


2. Previous research has shown that this oxidation peak of the 


MCE-7 was attributed to the oxidation of intracellular guanine 
and xanthine [9]. During the electrochemical process, as intra- 
cellular electroactive molecules, the guanine and xanthine within 
the cytoplasm of the cells were able to cross the cell membrane 
and reached electrode surface rapidly. High cell viability may 
quicken the self-renewal of cells and further produces a high 
concentration of purine bases in cells, so the LSV responses of 
guanine and xanthine could be used as the analytical signal to 
reflect cell viability. 


. The effect of cell concentration on the signal of MCF-7 cells was 


investigated. With increasing cell concentration from 3.0 x 10° 
to 7.0 x 10° cells/mL, the peak current of MCE-7 cell suspen- 
sion increased nonlinearly. The nonlinear variation trend of peak 
current (z) depend on MCF-7 cell concentration was shown in 
Fig. 3, and statistical analysis was carried out on the experimental 
data using Origin 8, exponential curve fitting analysis was used to 
estimate the relationship. The results demonstrate the relation- 
ship between the peak currents and MCE-7 cell concentration was 
the nonlinear exponent in a wide concentration range, the index 
equation was ip, = 59.557 e (—C/1.709) — 71.486 (R? = 0.954) 
with the lower detection limit 2.0 x 10° cells/mL. 


. The property of the PT/PGE was studied in MCF-7 cell sus- 


pension. The activity of the modified electrode still remained 94 
or 85% of the initial current responses of the electrode after 30 
times’ measurements or 1 month’s storage at 4 °C, respectively. 
Therefore, it can be believed that the proposed system is feasible 
and applicable for the electrochemical analysis of MCE-7 cell 
viability. 


3.6 Optimum 
Conditions for Trace 
Detection of MCF-7 
Cell on Mini- 
Electrochemical 
System 
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Fig. 3 The relationship between peak current and cell number. Inset. LSVs of 
MCF-7 cells on PT/PGE with different cell numbers: (a) 3.0 x 10°, (b) 3.0 x 107, 
(c) 6.0 x 104, (a) 1.0 x 10°, (e) 4.0 x 10°, (f 6.0 x 10°, (g) 1.0 x 10°, (h 
3.0 x 10° (i) 5.0 x 10°, and () 7.0 x 10° cells/mL 


1. The detection sensitivity of the mini-electrochemical system 
depends on various parameters, including the pH value, PT/ 
PGE length, scan rates, and the incubation time of cells. To 
achieve high sensitivity, all these parameters were optimized by 
monitoring the change in LSV peak currents of MCF-7 cell. 


2. Influence of pH on the electro-oxidation of MCF-7 cell suspen- 
sions was studied in PBS with pH of 3.8, 4.2, 5, 5.5, 6.5, 7.4, 
8.5, 8.8, 9.2, and 10. As seen in Fig. 4, the electrochemical 
behavior of MCF-7 cell suspension on PT/PGE show a strong 
pH dependence in the range of pH 3.8—10. With increasing pH, 
the oxidation peak shifted toward negative direction, indicating 
protons are involved in the rate determination step of electrode 
reaction. The plot of the peak potentials (Ep) versus pH values 
for these samples was shown in Fig. 4 (curve a), with the linear 
equation E,, = 1.12 — 0.06 pH (R° = 0.998), the obtained 
slopes 0.06 V/pH is close to the theoretical value of 0.059 V/ 
pH and suggests that equal number of protons and electrons are 
involved in the oxidation process of these compounds. Addi- 
tionally, as pH gradually increased, the peak currents increased 
until 7.4, and then decreased for higher pH (Fig. 4b). To get 
higher selectivity and to simulate the biological environment, 
pH 7.4 PBS was used as the supporting electrolyte in this 
electrochemical study. 
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Fig. 4 LSVs of MCF-7 cell suspension in PBS at different pHs of (a) 3.8, (b) 4.2, 
(c) 5, (d 5.5, (e) 6.5, (A 7.4, (9) 8.5, (h) 8.8, (À 9.2, and (À 10. Inset: The effect of 
pH on the (a) potential and (b) current response of MCF-7 cell suspension. Cell 
concentration: 3.5 x 10° cells/mL 
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Fig. 5 LSVs of MCF-7 cell suspension on PT/PGE in pH 7.4 PBS with the 
electrode length of (a) 3, (b) 6, (c) 9, (a) 12, and (e) 15 mm. Inset: the 


dependence of peak current of MCF-7 cell suspension on the length of PT/ 
PGE. Cell concentration: 3.5 x 10° cells/mL 


3. PT/PGE can be extruded to different lengths to yield different 
surface areas (exposed to the sample), which has a profound 
effect upon the response. The effect of the PT/PGE length on 
voltammetric response of MCF-7 cell suspension was studied. As 
shown in Fig 5, peak current of MCF-7 cell suspension 


3.7 Electrochemical 
Anticancer Drug 
Sensitivity Test 


l. 
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depended on the length of PT/PGE immersed into the cell 
suspension from 3 to 15 mm, and the linear equation was 
tps = 2.251 + 2.64 (R* = 0.990). Increase of the effective 
electrode area as a result of increasing the PT/PGE length 
caused an increase of peak current, which significantly improved 
sensitivity of PT/PGE. However, the increase of the length of 
PT/PGE also entailed a sharp increase of cell suspension volume 
used in the electrochemical cell (micropipet tip with inverted 
cone-shape), in which the length of PT/PGE with 15 mm 
submerged in 80 uL cell suspension, vs. with 3 mm, only 
10 pL. Considering the sensitivity and analytical cost, 12 mm 
was used in following study. The miniaturized electrochemical 
system had greatly saved cell samples compared to the traditional 
electrochemical cell with 500 uL. 


. Different scan rates were used to investigate the kinetic charac- 


terization of trace MCF-7 cell suspensions on PT/PGE. The 
LSV of the MCF-7 cell suspension on PT/PGE at scan rates 
ranging from 20 to 200 mV/s were measured, The oxidation 
peak currents increased linearly with scan rate and the linear 
regression equations was tpa = 0.029 v + 20.077 with a correla- 
tion coefficient R? of 0.998. The result indicates a typical surface 
controlled electrode process. In addition, in order to reduce 
concentration polarization and increase sensitivity, 50 mV/ 
s was chosen as the best scan rate. 


. In order to improve detection efficiency, preconcentration times 


of PT/PGE were optimized. The LSVs of the MCF-7 cell 
suspension using different preconcentration times on PT/PGE 
at 0 V were shown in Fig. 6. With the increase of preconcentra- 
tion time from 100 to 560 s, the peak current increased until 
480 s, and longer preconcentration times did not increase the 
current response. 480 s was therefore chosen as best preconcen- 
tration time. 


Under optimal detection conditions: 12 mm-length of PT/PG, 
pH 7.4 PBS, accumulation time 480 s and scan rate of 50 mV/s, 
electrochemical anticancer drug sensitivity test was performed 
by monitoring the viability change of trace MCF-7 cells treated 
with antitumor drug. 


. The clinical antitumor drug CTX was used as a model to evaluate 


the effect of anticancer drugs on the viability of MCF-7 cells. 


. The dosage-dependence of CTX on the drug treatment time of 


30 h was investigated (Fig. 7). The peak current of the MCE-7 
cell suspension reduced significantly as the dosage of CTX 
increased, and reduced slowly when the concentration of CTX 
in the culture medium had reached 300 nM. This variation in 
peak current reflected the effect of the drug on cell viability. 
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Fig. 6 LSVs of the MCF-7 cell suspension on different preconcentration time of 
(a) 100 s, (b) 180 s, (c) 260 s, (a) 320 s, (e) 400 s, (f 480 s, and (9) 560 s. Inset: 
the dependence of peak current of MCF-7 cells on the preconcentration time. 
Cell concentration: 4.5 x 10° cells/mL; preconcentration potential: 0 V 
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Fig. 7 Dependence of peak current of MCF-7 cell suspension on CTX 
concentration. Inset. LSVs of MCF-7 cell suspension treated by different CTX 
concentrations on PT/PGE: (a) 0, (b) 5, (c) 25, (d) 50, (e) 100, (4 200, (9) 300, and 
(h) 400 nM. Drug incubation time: 30 h; cell vaccination concentration: 
2.0 x 10° cells/mL 


3.8 MITT Assay 


4 Notes 
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. The viability of the cells treated with drugs was calculated as 


follows: 
Viability = (Gee = ies) neona 100% (1) 


Here, Zp control is the peak current of the cells in the absence 
of drug treatment and tp exp is the peak current of the cells 
treated with drugs. The experiment was repeated three times. 


. In order to prove the reliability of the mini-electrochemical system 


for electrochemical antitumor drug sensitivity assay, an MTT assay 
was used as a verification test in order to measure cell viability. 


. MCE-7 cells (200 uL, 5 x 10° cells / mL) were inoculated in 96- 


well plates and seeded overnight at 37 °C in 5% CO ,. Then 
10 pL drug solutions of various concentrations were added into 
each well of the experimental groups. 10 pL of DMSO was 
added to each well of the control group. 


. After 30 h incubation, MTT (20 uL, 5 mg/mL) was added to 


each well and was incubated for 4 h. 150 pL DMSO was then 
added to each well to solubilize the formazan dye. 


. The absorbance of the control and experimental wells were 


measured with a DG5031 microplate reader at 490 nm. 


. The cytotoxicity of the drug was calculated as follows: 


Cytotoxicity = Anad — A) J Aoa 100% (2) 


where Acontrol 18 the absorbance of control well and Aexp is the 
absorbance of experimental well, respectively. 


. Fig 8 shows the cytotoxicity curves for the 30 h exposure to 


CTX within suitable concentration ranges. The viability of 
MCE-7 cells decreased accordingly as the concentration of 
CTX increased. The results obtained by the electrochemical 
test are consistent with those of the MTT assay, which suggests 
that the mini-electrochemical system could be used to evaluate 
the effectiveness of antitumor drugs. 


. To obtain the best performance of the detection, and given that 


the electrochemical response of cells was attributed to the oxi- 
dation of intracellular guanine and xanthine, we screened four 
different hardness of pencil leads (HB, 2B, 4B, and 6B) for 


166 


Dong-Mei Wu et al. 


aon =n 
= = 


Cytotoxicity / %o 
S 





0 100 200 300 400 
ü -1 
Concentration / nmol L 


Fig. 8 Cytotoxicity curves for the 30 h exposure of MCF-7 cells suspension to 
CTX obtained by (a) electrochemical method and (b) MTT assay 


voltammetric response to guanine. Compared with pencil 
graphite HB, 2B is graphite-rich and easy to obtain smooth 
surface, which provide a platform facilitated the transform of 
electronics and higher current density. Compared with pencil 
graphite 4B and 6B, 2B offers relatively low background signal 
due to suitable ratio of graphite and insulator. 


. The pencil graphite electrodes should be ground into a needle 


point at one end. Compared to planar structure, the needle 
electrodes have a much higher response current. 


. The electropolymerization of threonine was carried out in PBS 


at various pH values to obtain the best polymerization media. 
The highest peak currents of guanine were obtained at pH 9 
PBS. 


. The final step of pencil graphite electrode construction is inser- 


tion into the Teflon tubes. Pencil graphite is easy to break in 
construction of the mini-electrochemical system. 


. After each measurement, the PT. /PGE should be electrochemi- 


cally treated with several cycles between 0.0 and 1.2 V in pH 7.4 
PBS to eliminate residual purine adsorbed on the PT/PGE 
surface until stable background lines were obtained, which indi- 
cated that the PIT /PGE was regenerated effectively. 


. The micropipet tip needs to be replaced when fresh samples are 


analyzed in order to ensure precision of experimental results. 


. The mini-electrochemical system can be separated as needed in 


our approach since the working electrode and micropipet tip- 
based cell are disposable while the counter and reference 
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electrodes could be reusable. In this way, the cost of the detec- 
tion device could be further decreased and integration of three 
electrodes directly would be more convenient. 
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Chapter 12 


All-Electrical Graphene DNA Sensor Array 


Jeffrey Abbott, Donhee Ham, and Guangyu Xu 


Abstract 


Electrical sensing of biomolecules has been an important pursuit due to the label-free operation and chip- 
scale construct such sensing modality can enable. In particular, electrical biomolecular sensors based on 
nanomaterials such as semiconductor nanowires, carbon nanotubes, and graphene have demonstrated high 
sensitivity, which in the case of nanowires and carbon nanotubes can surpass typical optical detection 
sensitivity. Among these nanomaterials, graphene is well suited for a practical candidate for implementing 
a large-scale array of biomolecular sensors, as its two-dimensional morphology is readily compatible with 
industry standard top-down fabrication techniques. In our recent work published in 2014 Nature Com- 
munications, we demonstrated these benefits by creating DNA sensor arrays from chemical vapor deposi- 
tion (CVD) graphene. The present chapter, which is a review of this recent work, outlines procedures 
demonstrating the use of individual graphene sites of the array in dual roles—electrophoretic electrodes for 
site specific probe DNA immobilization and field effect transistor (FET) sensors for detection of target 
DNA hybridization. The 100 fM detection sensitivity achieved in 7 out of 8 graphene FET sensors in the 
array combined with the alternative use of the graphene channels as electrophoretic electrodes for probe 
deposition represent steps toward creating an all-electrical multiplexed DNA array. 


Key words DNA sensor array, DNA detection, Graphene, Electrophoresis, Biomolecule sensing, 
Bioelectronics 


1 Introduction 


Nanoscale materials, including semiconductor nanowires, carbon 
nanotubes, and graphene [1-8], are capable of highly sensitive 
electrical detection of biological molecules’ inherent charges in 
solution. Some of these nanomaterials have achieved electrical 
detection sensitivity down to the  picomolar/femtomolar 
(pM/fM) and even sub-fM level [2, 4, 7-10]. In the case of DNA 
detection, this sensitivity is highly competitive compared to the 
~l pM sensitivity of commercial optical DNA microarrays 
[11-13 ]—e.g., AffyMetrix GeneChip [12, 13]—that are being 
used for a range of molecular diagnostic applications in both 
research and clinical settings. Among the various nanomaterials 
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capable of electrical biomolecular sensing, graphene is particularly 
well suited for parallel, multiplexed applications [14, 15], such as 
DNA microarrays. Its planar morphology is compatible with top- 
down fabrication and therefore allows for definition of a potentially 
large array of FET sensors using conventional photoresist methods 
[7, 15, 16], offering a label-free detection platform that allows 
sensor miniaturization and integration with applications to gene 
expression analysis and genetic screening [8, 11]. As a proof of 
concept, in our recent work we created an array of 8 FET sensors in 
large-area CVD grown graphene and demonstrated its potential to 
be used as an all-electrical multiplexed DNA array [17]. The aim of 
this chapter is to review this recent work of ours, with a good 
fraction of contents and figures in this chapter adapted from [17], 
but with a special focus on the detailed technical information about 
the materials, methods and protocols we used in experiments. 

The 8 FET graphene sensor array is defined by standard pho- 
tolithography steps from a CVD grown, monolayer-dominated 
graphene transferred to a silicon/silicon dioxide substrate. The 
array 1s then encapsulated in a polydimethylsiloxane (PDMS) 
microfluidic channel to allow for delivery of solutions to the 
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Drain 
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Fig. 1 (a) Illustration and image of an 8-graphene-electrode/FET array with a 
microfluidic channel on top. The entire device sits on and is wire bonded to a 
printed circuit board. (b) Cross-sectional illustration of an individual graphene 
site. (c) Optical micrograph of a portion of a fabricated graphene array. For an 
individual graphene site, W = 90 um and L = 45 um (scale bar: 120 um) 
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Fig. 2 (a) Sequence of steps for passive immobilization and target detection: 
BSA-streptavidin surface functionalization (/, /), probe DNA immobilization (//), 
and hybridization (/V). (b) During site-specific immobilization of streptavidin and 
probe DNA (//, //), graphene sites are positively biased to attract the negatively 
charged streptavidin or probe DNA or negatively biased to repel them 


exposed graphene FET channels (Fig. la, left), and wire bonded to 
a printed circuit board (PCB) (Fig. la, right). Individual graphene 
FETs consist of a source and drain terminal which can be biased 
with external sources, with the electrolyte solution (biased using a 
reference electrode) acting as the gate (Fig. 1b) where 90 pm x 
45 um ( Wx L) of graphene is exposed to the solution (Fig. lc). 
Target DNA can be subsequently detected through a three-step 
procedure: surface functionalization, probe DNA immobilization, 
and target DNA hybridization (Fig. 2a), wherein working solutions 
containing protein or DNA molecules are sequentially added into 
or washed out of the microfluidic channel by syringe injection. 
Graphene sites are first functionalized with biotinylated bovine 
serum albumin (BSA) [18] and streptavidin, which allows for 
immobilization of the biotinylated probe DNA molecules. The 
target DNA molecules, whose sequences are complementary to 
the probe DNA, are then introduced to hybridize with the immo- 
bilized probe DNA. The inherent negative charges of the target 
DNA molecules causes extra electron doping of the graphene site 
when hybridized onto the probe DNAs immobilized on graphene 
[19-21]. This can be detected by observing a negative shift of the 
charge-neutrality point of the graphene site from before to after 
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2 Materials 


2.1 Formation of the 
Graphene Array 


hybridization, easing the graphene devices entry into the electron 
conducting regime (see electrical results in Subheading 3.2). 

To further move towards an all-electrical DNA array, we also 
use the graphene channel in each FET alternatively as an electro- 
phoretic electrode for site-specific immobilization of probe DNA 
molecules (the site-specific target DNA detection with graphene 
used as a FET, described in the foregoing paragraph, is done after 
this immobilization). To do this, we positively bias the graphene 
sites of interest to sequentially attract and anchor the negatively 
charged streptavidin and probe DNA molecules, respectively 
(Fig. 2b). At the same time, the remaining graphene sites, where 
streptavidin and probe DNA molecules are not desired, are nega- 
tively biased to repel them. The streptavidin and DNA molecules 
respond to the electrophoretic force created by transient and steady 
state electric fields within the solution. These electric fields are the 
result of both the transient current to charge the graphene-to- 
solution double layer capacitance and the faradic current flowing 
across the graphene to solution interface. After the probe DNA 
molecules are immobilized on the select sites, the graphene sites 
can then be configured as FETs to detect complementary target 
DNAs as previously described. This use of the graphene sites in the 
dual role of electrophoretic electrodes and sensing FETs enables 
site-specific operation of the graphene DNA array for both probe 
assembly and target detection in an all electrical manner. 


1. Monolayer-dominated chemical vapor deposition (CVD) 
graphene. 


2. Highly p-doped Si substrate with 285 nm SiO, layer thermally 
grown on top. 


3. Oz plasma machine (Anatech SCE-106). 


4. Thermal evaporation machine for Cr and Au deposition 
(Sharon Thermal Evaporator TE-5). 


5. Atomic layer deposition (ALD) machine to form SiO, (Cam- 
bridge NanoTech Savannah ALD S200). 


. Buffered oxide etchant (5:1). 
. Polydimethylsiloxane (PDMS). 
. 3 ml syringes (BD Company). 


O CON @® 


. Plastic (0.025 in inner diameter tubing) and metallic tubing 
(0.025 in outer diameter, 0.016 in inner diameter, CML Sup- 
ply 901-23-050). 

10. Custom printed circuit board (PCB) with an analog 

multiplexer. 


2.2 Fluorescence 
Imaging 


2.3 Electrical 
Measurement 


2.4 Working 
Solutions, DNA, and 
Biomolecules 


11. 


A wD N =e 


5. 
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Chlorinated Ag wire, smaller in diameter than the inner diam- 
eter of plastic tubing (Warner Instruments AG10W, 0.010 in 
diameter). 


. Miscellaneous glassware, volume > ~50 ml. 


. Laser scanning confocal microscope (Olympus FV300). 
. 543 nm laser (Melles Griot 05-LGP-193) with a 560-600 nm 


bandpass (Olympus BA560-600) filter for Cy3 fluorophore 


imaging. 


. 633 nm laser (Melles Griot 25-LHR-111-249) with a 660 nm 


longpass (Olympus BAG60IF) and a 660-760 nm bandpass 
(Chroma Technology HQ710/100 m-2p) filters for Cy5 fluor- 
ophore imaging. 


. Image processing software (ImageJ and MATLAB). 


. Low noise current preamplifier (SR570). 

. Digital multimeter (Agilent 34411A). 

. Control and analysis software (MATLAB). 

. Power sources (Agilent E3633A, Agilent 6626A, Agilent 


E3646A). 
Multiplexer (Analog Devices ADG406BNZ). 


DNA samples were purchased from Integrated DNA technologies 
(the methods presented are compatible with arbitrary DNA 
sequence of interest). 


l. 


1x phosphate buffered saline (PBS) solution: 137 mM NaCl, 
2.7 mM KCl, 10 mM NasHPOg,, and 1.8 mM KH>POx, 
pH 7.4. 


.0.9x, 0.1x, and 0.005x PBS is diluted from 1x PBS by 


18.2 MQ-cm deionized (DI) water. 


. pDNA-1. 41-mer, with sequence 5’-biotin- T@GCGACGGCA 


GCGAGGCTGAGGTAGTAGTTTGTACAGTTA-3’, the ita- 
licized 20-base segment is complementary to tDNA-1 and 
noncomplementary to cDNA-1. It is labeled on the 3’ end 
with a Cy3 fluorophore. 


. tDNA-1. 20-mer, with sequence 5’/-CTGTACAAACTACTA 


CCTCA-3’, complementary to pDNA-1. It is labeled on the 
5’ end with a Cy5 fluorophore. 


. CDNA-1, 20-mer, with sequence 5’-TGAGGTAGTAGATTGT 


ATAGTT-3’, noncomplementary to pDNA-1. 


. pDNA-2. 40-mer, with sequence 5’-biotin-ACATGGTTGAA 


GTTTTCCTATTCCGGTGAGATGGAGGCAT-3’, labeled 
on the 3’ end with a Cy3 fluorophore. 
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7. pDNA-3. 40-mer, with sequence 5’-biotin-TCCATAACT 
GCTGGCTTAACGCCCATCTACACTTAGCTAT-3’, 
labeled on the 3’ end with a Cy5 fluorophore. 


8. 0.2 mg/ml streptavidin, obtained from Sigma-Aldrich, in 0.1 x 
PBS. 


9. 1 mg/ml biotinylated bovine serum albumin (BSA), obtained 
from Sigma-Aldrich, in nuclease-free water. 


3 Methods 


3.1 Graphene Sensor ‘The fabrication of the graphene sensor array is summarized in 
Array Construction Fig. 3. 


1. Fabrication of the graphene sensor array starts from transfer- 
ring CVD-grown, monolayer-dominated graphene onto a 
285 nm SiO, layer thermally grown on top of a highly p- 
doped Si substrate [22, 23]. The graphene transfer procedure 
includes: coating graphene with poly-methyl methacrylate 
(PMMA), copper etching by Cu-etchant, washing PMMA/ 
graphene with DI water, putting PMMA/graphene on to the 
silicon substrate, and etching PMMA by acetone. 


2. Alinear 8 x 1 pattern of the transferred graphene is formed by 
photolithography using Shipley photoresist (S1805), and oxy- 
gen plasma etching at 60-watts, 200 mTorr for 60-70 s. 


(1) Transferred (2) Graphene (3) Cr/Au/Cr 
CVD a (O, > aan a 5/200/7 nm) 





ALD - SiO, 5:1 BOE Etch PDMS BOneng 


| a 








(7)  Wirebond to PCB (8) Outlet__ 







Ag/ AgCl 





Fig. 3 Fabrication steps for the graphene sensor array outlined in Subheading 3.1 
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. A standard lift-off process (by sequential steps of lithography 
patterning, metallization, and acetone cleaning) of thermally 
evaporated Cr/Au/Cr layers (15/200/7 nm) is then applied 
to form source and drain contacts of each graphene sensor. 
Each sensor has an exposed graphene channel with 90 um in 
width by 45 um in length, with a sensor-to-sensor pitch of 
240 um. Each source or drain contact is 120 um in width and 
2 mm in length. 


. To avoid the dc leakage from metal contacts in the electrolyte, 
the entire chip is initially passivated by a ~100 nm thick SiO, 
layer, formed by an ALD process of 100 cycles at 250 °C and 
225 mT, using a tris-tert-butoxy-silanol precursor at a rate of 


10 A/cycle. 


. The graphene sensor sites as well as the far ends of their con- 
tacts are opened by photolithography and a 5:1 buffered oxide 
etching, which removes the ALD-SiO, layer. The top Cr layer 
at the contact opening regions is removed by 1020 Cr-etchant; 
this step exposes the Au layer, which adheres better to the Au 
bonding wires. 


. APDMS based, 60 pm of height microfluidic channel is formed 
on top of the sensor array. Both the PDMS, formed by SU8 
photoresist based pre-patterning on a bare silicon wafer, and 
ALD-SiO, layer are surface treated with 120 mTorr 20-Watt 
O2-plasma for 10 s. To prevent graphene from being etched 
away during the O, plasma treatment, a small PDMS strip is 
put on the ALD-SiO2 layer, fully covering the exposed gra- 
phene area but not directly touching the graphene. After sur- 
face treatment, we sequentially remove the PDMS strip, 
manually align the PDMS channel to the top of the eight sensor 
sites, and press the PDMS channel gently towards the chip to 
form a sealed microfluidic channel. The alignment should avoid 
the contact opening being too close to the PDMS channel, 
which makes the wire bonding difficult. 


. The entire chip is attached using double sided tape to a custom- 
designed PCB with arrays of gold pads, which allows for elec- 
tronic connection between measurement instruments and the 
graphene sensors through wire bonding. 


. Metallic tubing is inserted into the preformed inlet and outlet 
holes of the PDMS channel. Further rectangular pieces of 
PDMS with holes at the same spacing as the inlet and outlet 
are slid onto the metal tubes to increase mechanical rigidity. We 
connect the metallic tubing with plastic tubing at both the inlet 
and outlet ends, allowing for controllable adding or clearing of 
the electrolyte. A chlorinated Ag wire, acting as the reference 
electrode, is inserted into the plastic tubing at the outlet until it 
comes close to, but not in contact with, the metallic tubing at 
the outlet. The Ag end of the reference electrode is left outside 
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Fig. 4 Electrical measurement schematic showing electrical and microfluidic components and their general 
connections. GPIB stands for General Purpose Interface Bus 


3.2 Electrical 
Measurement of the 
Graphene Sensor Array 


of the outlet, and soldered to a pad on the backside of the PCB 
to allow for electronic biasing of the solution. Glassware is used 
to store solution flowing out of the outlet tubing. 


All measurements are controlled and measured from the 


MATLAB environment. A multiplexer is used to select each sen- 
sor’s source or drain where the bias voltages can be applied. 


The electrical measurement setup is illustrated in Fig. 4. 


l. 


At each measurement time, a single graphene sensor is selected 
by a multiplexer for measurement; the source and drain volt- 
age, Vp and Vs, are biased at Vs = —0.03 Vand Vp = +0.03 V 
with the other seven sensors source and drain terminals opened 
(i.e., floating). The power supply was connected to the PCB 
through Bayonet Neill-Concelman (BNC) and rainbow break- 
out cables. 


. The reference electrode voltage, Vreg, is forward swept from 


0 to 1 Vand reverse swept from 1 to 0 V with a 10 mV step size 
at a scan rate of ~15 mV/s by programming the output of the 
power supply through a MATLAB code, lasting ~2 min (1.e., a 
dual sweep of the sensor). At each voltage step, the source drain 
current, Ips, of the site is preamplified by a low-noise current 
preamplifier (connected to the PCB board by a BNC cable) and 
read by a digital multimeter (connected to the computer by a 
GPIB-to-USB conversion cable, where USB is short for Uni- 
versal Serial Bus). The power supply biasing and the multimeter 
readouts are synchronized by GPIB programming under a 


All-Electrical Graphene DNA Sensor Array 177 





a 
--- Before Hybridization 
— After Hybridization 
T 
= 
_o 
b 460 
440 
> 
£ 420 


à Before Hybridization 
After Hybridization 





380 l - 

1 2 3 4 5 
Measurement (#) 

Fig. 5 (a) Measured Vker-bs curves of a real device (5 forward Veer sweeps) right 

before and after 100 fM target DNA hybridization. (b) ⁄ values extrapolated from 

the data of Fig. 4a 


MATLAB environment. As such, a Vezp-Jps curve is obtained. 
After this dual sweep of one sensor, the next sensor is selected 
using the multiplexer and the reference voltage is again swept 
forward and reverse. This proceeds through all eight sensors, 
lasting ~16 min as a single measurement of the entire sensor 
array. Proper device operation can be inspected by viewing the 
Vrer—Ips curve of each graphene sensor (see Fig. 5a). 


3. The measurement of the array is repeated a few times before 
and after DNA hybridization (Fig. 5a), in order to ensure the 
detection confidence in the presence of intrinsic charge- 
neutrality point fluctuations. For multiple measurements of 
the Vrer-Ips curve, each measurement made across the array 
starts with a fresh 3 mL 0.005 x PBS wash to maintain a similar 
electrochemical state in the PDMS channel (see Note 1). The 
charge-neutrality point voltage, Vo, the minimum of the VRer- 
Ips curve is extrapolated using a quadratic least-squares curve 
fit to the minimum 11 data points on the Vprgr-Jps curves, 
yielding a sub-10 mV accuracy of Vo. The Vo for each sensor is 
recorded for each measurement and the process is repeated 
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3.3 Fluorescence 
Imaging of Graphene 
Sensor Array 


3.4 Passive DNA 
Immobilization and 
Target Detection 


until five successive extrapolated values of Vo are within 10 mV 
for all eight sensors (Fig. 5b). The last five measurements are 
averaged with an error calculated as the standard deviation. 
Typically 7-10 measurements are needed (i.e., 2—5 initial mea- 
surements are not used) for the sensors to reach a steady state 
condition (see Note 2). 


Some probe DNAs and target DNAs used in this work are fluores- 
cently labeled with either Cy3 or Cy5 dyes (fabricated at Integrated 
DNA Technologies Company by DNA oligo modification chemis- 
tries) for imaging purposes. Fluorescence microscopy is used to 
image and confirm the presence of labeled DNA on the array. 


1. The plastic and metallic tubing are removed from the inlet and 
outlet. The PDMS channel is then stripped off the array by a 
tweezer. The exposed graphene sites are allowed to dry out at 
room temperature in air and kept dark to minimize photo 
bleaching. 


2. The dried out array is mounted on a laser scanning confocal 
microscope for fluorescence imaging using a 40x objective. 
Three images are taken at each sensor, a reflectance shot with 
a 534 nm laser and no filter, a Cy3 fluorescence shot with a 
534 nm laser and a 560-600 nm bandpass filter, and a Cy5 
fluorescence shot with a 633 nm laser with a 660 nm longpass 
and a 660-760 nm bandpass filters. A total of ten images 
covering the entire 8-sensor array are taken and stitched 
together to form a combined array image with the contrast 
maximized to 5% saturation. 


3. Fluorescence values of each graphene sensor are calculated by 
averaging the intensity of the graphene area exposed to DNAs. 
A standard t-test is used to evaluate the statistical significance of 
the fluorescent intensity comparison among different graphene 
sites when applicable. 


To evaluate the DNA detection sensitivity and the yield, we per- 
form passive immobilization (in comparison with site-specific 
immobilization in Subheading 3.5) across the entire 8-sensor 
array. All solutions are injected with a 3 mL syringe. All steps of 
the experiment are performed at room temperature in a controlled 
environment. Care is taken to minimize physical disturbances to the 
array including minimizing air flow around the chip, PCB, and 
microfluidic tubing as it may disturb the electrolyte’s reference 
electrode and therefore the electrical measurements. The overall 
procedure is outlined in Fig. la. 


1. To begin surface functionalization, all 8 graphene sites are set 
at Vrer = Vs = Vp = 0 V. About 0.5 ml 1 mg ml! biotiny- 
lated BSA in nuclease-free water is injected and left for 2 h. The 
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entire chip is then freshly rinsed with 3 ml of 0.005x PBS 
solution, followed by a single measurement of the Vegp- Ips 
curves (see Subheading 3.2) to ensure proper device operation. 


2. The biases are then set at Vezp = Vs = Vp = 0 V and about 
0.3 ml 0.2 mg ml”! of streptavidin in 0.1 PBS is injected and 
left for 10 min. The device is then rinsed using 3 ml of 0.005 x 
PBS solution, followed by a single measurement of the Veg. 
p—Íps curves (see Subheading 3.2). 


3. Next, for DNA immobilization, the biases are set at 
Veer = Vs = Vp = 0 V and about 0.4 ml of 200 nM probe 
DNA, pDNA-1, in 0.9x PBS is injected and left for 10 min. 
The array is then rinsed with 3 ml of 0.005 x PBS solution. The 
Vrer—Ips curves are then measured multiple times to gain an 
average of Vo for all eight sensors before target DNA hybridi- 
zation (see Subheading 3.2, step 5). 


4. For hybridization, the biases are set at Vreg = Vs = Vp = O V. 
About 0.4 ml of 100 fM target DNA, tDNA-1, in 1x PBS is 
injected and left for 4 h for hybridization. The array is then 
rinsed with 3 ml of 0.005 PBS solution. The Vezr—Jps curves 
are again measured multiple times to gain an average of Vo 
across the eight sensors after hybridization (see Subheading 3.2, 
step 5). The hybridization signal, AVo, is calculated as the 
difference of Vo before and after hybridization. 


5. The control experiment, conducted with nonspecific DNAs 
(i.e., control DNA) to the probe is performed on the same 
array after the hybridization experiment. Hybridized target 
DNA is thoroughly removed with a 45-min 90 °C DI water 
wash (see Note 3). We then reintroduce biotinylated BSA, 
streptavidin, and the probe DNA, pDNA-1, all in the same 
manner as steps l-3 to recover a similar functionalization 
layer and the amount of probe DNAs on the array. Then 
about 0.4 ml of 100 f. noncomplementary control DNA, 
cDNA-1, in 1x PBS is injected and left for 4 h. After rinsing 
the array with 3 ml of 0.005 PBS, multiple Vpgr—Ips mea- 
surements are made to calculate the control signal, an aver- 
aged difference of Vo before and after adding control DNAs. 
A standard t-test is used to evaluate the statistical significance 
of the A Vo comparison between the hybridization and control 
experiments. 


Results from this procedure are summarized in Fig. 6 where 
the shifts of Vo for eight devices across the array, along with the 
overall averages, are displayed. From the data, it is clear that 7 out 
of 8 FETs achieve 100-fM sensitivity in target DNA detection, 
with a significant difference from the control experiment (see 
Note 4). 
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Fig. 6 A data for 100 f. hybridization and control for eight graphene FETs in an array. Statistics are based on 
5 Veer-/ps curve measurements right before and after hybridization. Results from both forward and reverse 
Vker sweeps are shown. *p < 0.05; **p < 0.01; no * not significant. A Vo averages are across all 8 graphene 
FETs, subsuming both forward and reverse sweeps. Error bars represent +1 s. d 


3.5 Site-Specific Site-specific probe DNA immobilization and subsequent comple- 
DNA Immobilization mentary target DNA detection is performed by using the graphene 
and Target Detection sites first as electrophoretic electrodes and then as sensing FETs. 


The goal of this procedure is to site-specifically deposit probe 
DNAs to a subset of the sites only (here we select even-numbered 
sites) and then to electrically detect the hybridization of target 
DNAs. Similar to the passive DNA immobilization and hybridiza- 
tion, all solutions are injected using a 3 ml syringe at room temper- 
ature in a controlled environment. The overall procedure is 
outlined in Fig. 1b. 


1. Same as step 1 in Subheading 3.4. 


2. The streptavidin is selectively deposited on even-numbered 


sites as follows: with Vepzr = 0 V, even-numbered sites are 
positively biased as Vs = Vp = 1.2 V, whereas odd-numbered 
sites are negatively biased as Vs = Vp = —1.2 V. About 0.3 ml 
0.2 mg ml~* of streptavidin in 0.1 x PBS is injected and left 
for 20 s. The array is then rinsed with 3 ml of 0.005x PBS 
solution, followed by a single measurement of the Varp-Ips 
curves (see Subheading 3.2). 


. Selective probe DNA immobilization for even-numbered sites 


is then accomplished through biasing the even numbered sites 
at Vs = Vp = 1.2 V with respect to Vrer = 0 V and the odd 
numbered sites at Vs = Vp = —1.2 V. About 0.4 ml of 200 nM 
probe DNA, pDNA-1, in 0.005 PBS is injected and left for 
20 s. The array is then rinsed with 3 ml of 0.005 PBS 
solution, followed by multiple VRer-Ips measurements to 
gain an averaged value of the Vo for all 8 sensors before target 
DNA hybridization (see Subheading 3.2, step 5). 


4. After the site-selective probe DNA immobilization, the same 


hybridization procedure as step 4 in Subheaidng 3.4 is 
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performed, except here about 0.4 ml of 1 pM target DNA, 
tDNA-1, in 0.005x PBS is injected for hybridization (see 
Note 5). 


5. We then use fluorescent microscopy as described in Subheading 
3.3 for Cy3 imaging. 


The site-specific probe DNA immobilization is confirmed by 
both the electrical detection of target DNA hybridization and fluores- 
cent imaging, shown in Fig. 7. The electrical results in Fig. 7a dem- 
onstrate that the even-numbered graphene FETs where probe DNA 
molecules have been immobilized exhibit an averaged A Vo value of 
—17.2 + 5.1 mV, whereas the odd-numbered graphene FETs show 
an appreciably smaller averaged AVo value of —3.1 + 3.5 mV. In 
corroboration, the overlay of Cy3 probe DNA in Fig. 7b clearly 
shows a greater concentration of probe DNA molecules in the even- 
numbered sites and almost no probe DNA molecules in the odd- 
numbered sites. The fluorescent intensity pattern is also understood in 
the context of electric field simulations (see Note 6). 
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Fig. 7 (a) Electrical detection of 1 pM hybridization after site-specific DNA immobilization. A W% statistics on the 
left are from 5 WRef-bs measurements before and after 1 pM hybridization, treating forward and reverse Rer 
sweeps separately. The averaged A l) values subsume both forward and reverse sweeps. Error bars represent 
+1 s. d. (b) Confocal fluorescence image (false colored) of the array after the site-specific probe DNA 
immobilization, and the corresponding spatial profile of the averaged fluorescence intensity shown across the 
array (scale bar: 100 um). The averaged fluorescence intensity across the four even-numbered graphene sites 
is distinctively stronger than that across the four odd-numbered sites. Error bars represent +1 s. d 
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3.6 Site-Specific To assess the feasibility of our technology to realize a fully multi- 
Immobilization of Two plexed graphene DNA array, we demonstrate a method of depositing 
Probe DNAs two different probe DNA sequences to different sites. We confirm 


the probe deposition through fluorescence microscopy where one 
probe DNA sequence is labeled with Cy3 (deposited on even- 
numbered sites) and the other Cy5 (deposited on odd-numbered 
sites). The overall steps for the procedure are outlined in Fig. 8a. 


1. Same as step 1 in Subheading 3.4. 
2. To selectively deposit streptavidin on the even-numbered sites, 
the same procedure as step 2 in Subheading 3.4 is performed. 


3. To selectively immobilize Cy3-labeled probe DNA on even 
numbered sites the same procedure as step 3 in Subheading 
3.4 is performed, except that about 0.4 ml of 200 nM Cy3- 
labeled probe DNA, pDNA-2, in 0.005 PBS is left on the 
array for 120s. 
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Fig. 8 (a) During the immobilization of Cy3-labeled probe DNA and associated streptavidin, even- [odd-] 
numbered sites are biased at +1.2 V [—1.2 V]. During the subsequent immobilization of Cy5-labeled probe 
DNAs and associated streptavidin, the even- [odd-] numbered sites are left unbiased [biased at +1.2 V]. b. 
Fluorescence image (false colored) of the array with Cy3 and Cy5 probe DNAs shown respectively as red and 
green, and the corresponding normalized fluorescence intensities (scale bar: 100 pm). The fluorescence 
intensities are averaged across the four even-numbered and four odd-numbered graphene sites. Error bars 
represent +1 s. d 


4 Notes 
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4. To selectively deposit streptavidin on the odd-numbered sites, 


odd numbered sites are positively biased at Vs = Vp = 1.2 V 
with respect to Vrer = 0 V, whereas even-numbered sites are 
floated. About 0.3 ml 0.2 mg ml~* of streptavidin in 0.1 x PBS 
is injected and left for 20 s. The array is then rinsed with 3 ml of 
0.005 x PBS solution, followed by a single measurement of the 
Vrrr-Lps curves (see Subheading 3.2). 


. To selectively immobilize Cy5-labeled probe DNAs on the odd- 


numbered sites, odd numbered sites are biased at Vs= Vp = 1.2 V 
with respect to Vrer = 0 V, whereas even-numbered sites are 
floated. About 0.4 ml of 200 nM Cy5 labeled probe DNA, 
pDNA-3, in 0.005 PBS is injected and left for 120 s. The 
array is then rinsed using 3 ml of 0.005 PBS solution. 


. We then use fluorescent microscopy as described in Subheading 


3.3 for both Cy3 and Cy5 imaging. 


The resultant fluorescence image, Fig. 8b, confirms the basic 


concept of the electrophoresis-based site-specific immobilization, 
now with the two probe DNA sequences (see Note 7). 


1. The PDMS channel can dry out (or form bubbles inside) 


without replenishing of solution, in which case the electrical 
measurements will get disturbed. Solution is therefore added 
before each measurement to allow for the same condition for 
each measurement. 


2. At each step, ions in the electrolyte take time to redistribute 


and settle to a new steady state. This redistribution involves the 
movement of the ions from solution to the electric double layer 
interfaces at the reference electrode and graphene devices. The 
resultant settling time can be as 27 long as tens of minutes, 
requiring multiple measurements to be made before the suc- 
cessive extrapolated values of Vo can be within 10 mV for all 
eight sensors. 


. To verify target DNA removal by the hot water wash, we 


functionalize a device array and perform a 10-min passive 
immobilization of about 0.4 ml of 200 nM Cy3-labeled 
probe DNA, pDNA-1, in 0.9 PBS with a 4-h hybridization 
of about 0.4 ml of 200 nM Cy5-labeled target DNA, tDNA-1, 
in 1x PBS. Subsequently, a 6 ml 0.005 PBS rinsing washes 
away non-hybridized target DNA. Fluorescence images before 
and after cleaning, Fig. 9a, show the hybridized target DNAs 
are indeed completely removed while the amount of probe 
DNA is also reduced. This is quantified in Fig. 9b, where the 
hot water wash leaves no discernible target DNA molecules 
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Fig. 9 (a) Fluorescent images of immobilized probe DNA, Cy3 labeled, and hybridized target DNA, Cy5 labeled, 
before and after a hot DI water wash (scale bar: 50 um). (b) Fluorescence intensities obtained from Fig. 8a 
before and after the hot wash. The hybridized target DNA is completely washed away, whereas the probe DNA 
is reduced to less than 30% the original amount 


while the remaining amount of probe DNA molecules is less 
than 30% of the original. Therefore, we reintroduce BSA, 
streptavidin, and probe DNA for the control which leads to 
comparable, or even increased, amount of probe DNA mole- 
cules for control experiments. 


. The graphene FET DNA sensor is inherently sensitive due to 


the bulk of the single-atomic-thick graphene being directly 
doped by the hybridized DNA. Beyond this sensitivity, our 
work achieves a 10-times higher sensitivity as compared to 
the prior state-of-the-art CVD graphene FET DNA sensor 
[20]. This extra sensitivity is attributed to our alteration of 
the PBS concentration [24, 25] and surface functionalization 
process. The high (1x) PBS concentration during the 4-h- 
hybridization phase decreases the Debye length to ~ 0.76 nm 
[10, 26], thus reducing the range of electrostatic repulsion 
between negatively charged probe and target DNA molecules, 
promoting their hybridization. On the other hand, the low- 
concentration (0.005) PBS during the Vragp—Ips recording 
increases the Debye length to ~10.7 nm, which allows the FET 
to feel more of the hybridized target DNA charges [24, 26]. 
Additionally, our surface functionalization using the negatively 
charged BSA-streptavidin layer prevents the negatively charged 
probe DNA molecules from lying flat on the graphene surface, 
further promoting hybridization [24, 26]. 


. Higher concentration PBS, such as 1x PBS, can be used to 


promote hybridization. 


6. 
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To get a feel for the spatial profile of the electric field within the 
solution when positive [negative] biases are applied to the 
even-|odd-|numbered graphene sites, proof-of-concept simu- 
lations are performed using COMSOL Multiphysics. To sim- 
plify the simulation, we treat the electrolyte as a dielectric and 
simulate a DC electrostatic field, as an electric field in a resistive 
medium (the electrolyte) is an electrostatic field. 

Some details of the simulation setup are as follows. First, we 
arbitrarily set the dielectric constant of the electrolyte at 1. 
Second, we model the even-|odd-|numbered graphene sites 
as conducting electrodes at 1.2 V [—1.2 V], the reference 
electrode as a conducting electrode at 0 V, and metallic por- 
tions of the tubing as floating electrodes. Third, in the setup, 
no DC current flows through the PDMS channel, plastic tub- 
ing, and SiO, substrate. Finally, small, yet non-zero, thickness 
is used for the conducting electrodes modeling graphene sites, 
in order to allow for a single mesh layer (~110 nm); a PDMS 
channel height of 60 um, a graphene-to-graphene pitch of 
240 um, a graphene width of 90 pm, and a tubing width of 
500 um are used to replicate the actual system dimensions. 

Figure 10, top, shows the simulated electrolytic potential 
profile across the array and also across the height of the micro- 
fluidic channel. Figure 10, bottom, displays the spatial pattern 
of the attractive electric field magnitude at the 110 nm height 
of the graphene conductor model, with a repulsive electric field 
for negatively charged molecules (1.e., an electric field direction 
pointing toward the substrate) magnitude set to zero. In 
Fig. 10, bottom, a moving average of 20 um has also been 
applied to smooth the data and then normalization to the 
maximum has been performed. 

The attractive electric field magnitude profile of Fig. 10, bot- 
tom, recapitulates, in essence, the measured spatial distribution 


+1.2V 


Device (#) 


Fig. 10 Simulated electrolytic potential profile and spatial pattern of the corresponding electric field magnitude 


just above the substrate surface 
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of the immobilized probe DNA (Fig. 7b). We thus can use this 
simulation to design the dimensions of both the graphene 
devices and the PDMS channel to selectively immobilize probe 
DNA across the surface of the device. 


. Subsequent electrical measurements of hybridization by turn- 


ing the role of each graphene into a sensing FET failed to show 
any clear-cut results as in previous experiments, which we may 
ascribe to the followings. First, after the immobilization pro- 
cess, a significant decrease of conductance was observed in the 
even-numbered graphene FETs; this is likely due to Faradic 
currents that degrade the graphene FETs during the elongated 
immobilization time of 120 s, where this longer immobiliza- 
tion time is chosen to try to increase the amount of immobi- 
lized probe DNA. Second, the amount of Cy5-labeled probe 
DNA on the odd-numbered FETs was greatly reduced as the 
result of floating the even numbered devices during immobili- 
zation, causing a decrease in the electric field magnitude 


around the graphene devices. 
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Chapter 13 


Extended Gate Field-Effect Transistor Biosensors 
for Point-Of-Care Testing of Uric Acid 


Weihua Guan and Mark A. Reed 


Abstract 


An enzyme-free redox potential sensor using off-chip extended-gate field effect transistor (EGFET) with a 
ferrocenyl-alkanethiol modified gold electrode has been used to quantify uric acid concentration in human 
serum and urine. Hexacyanoferrate (II) and (III) ions are used as redox reagent. The potentiometric sensor 
measures the interface potential on the ferrocene immobilized gold electrode, which is modulated by the 
redox reaction between uric acid and hexacyanoferrate ions. The device shows a near Nernstian response to 
uric acid and is highly specific to uric acid in human serum and urine. The interference that comes from 
glucose, bilirubin, ascorbic acid, and hemoglobin is negligible in the normal concentration range of these 
interferents. The sensor also exhibits excellent long term reliability and is regenerative. This extended gate 
field effect transistor based sensor is promising for point-of-care detection of uric acid due to the small size, 
low cost, and low sample volume consumption. 


Key words Extended gate FET, Redox, Enzyme-free, Uric acid, Potentiometric sensor, Ferroceny]- 
alkanethiol 


1 Introduction 


As the primary end product of purine metabolism, high concentra- 
tions of uric acid (UA) in the human body can be used as a 
biomarker and have been linked to many diseases such as gout, 
Lesch—Nyhan syndrome, cardiovascular disease, type 2 diabetes, 
metabolic syndrome, and kidney stones [1]. Lower serum values 
of uric acid have been associated with multiple sclerosis [2]. It is 
clinically important to monitor the concentration of UA in 
biological fluids for the early detection of these conditions and for 
patient diagnosis. To that end, a simple, reliable, and inexpensive 
detection system is highly desirable and would be especially useful 
for point-of-care testing. 

Current in vitro quantification of UA concentration usually 
involves the redox properties of UA. A first approach for quantifi- 
cation of UA uses reduction of phosphotungstate to tungsten blue 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
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in an alkaline solution (pH 9-10), which is measured photometri- 
cally [3]. The method is, however, subject to interference from 
drugs and reducing substances other than UA. A second 
approach, which is the current clinical method of UA analysis, 
adopts an enzymatic method to specifically detect UA. Uricase is 
used to catalyze the oxidation of UA by oxygen into allantoin, 
carbon dioxide, and hydrogen peroxide [4-6 |. Besides the redox 
method, other approaches for UA analysis includes high perfor- 
mance liquid chromatography (HPLC) on reversed phase 
columns along with detection by either UV absorbance [7] or 
mass spectrometry [8]. These methods involve complex sample 
and reagent preparation steps, and require bulky and expensive 
spectroscopic equipment to quantify the concentration. These 
drawbacks make them unsuitable to be used for point-of-care 
testing. 

Electrochemical techniques for UA detection have attracted 
much attention due to their fast response, simple testing procedure, 
cheap instrumentation, and high selectivity and sensitivity [9]. 
Electrochemical UA detection is currently performed using an 
amperometric method |10]. However, the sensitivity of ampero- 
metry depends on the electrode area and it is therefore difficult to 
decrease the sample volume. Thus a potentiometric sensor 1s pre- 
ferred since signal intensity is independent of detection volume. In 
general, electrochemical sensor approaches can be divided into 
enzymatic and nonenzymatic. Enzymatic sensors use enzymes to 
convert the analyte into a product that is sensor-detectable. A well- 
known example of this is the amperometric enzyme glucose sensor 
developed in 1973 [11], in which the anodic production of hydro- 
gen peroxide was analyzed instead of the highly variable oxygen 
reduction current. Non-enzymatic (or enzymeless) sensors mostly 
rely on the chemical activity of transition metal centers and have 
garnered significant interest due to their capacity to achieve con- 
tinuous monitoring, high stability compared to traditional enzy- 
matic sensors, and ease of fabrication. Enzymatic approaches 
suffer from an enzyme degradation problem and are hard to 
store for extended periods; therefore research has been extensively 
directed towards nonenzymatic sensors using novel materials that 
often have unique micro- or nano-structures. Since UA can be 
easily oxidized in aqueous solution, the nonenzymatic approach is 
both feasible and favorable. However, interference resulting from 
ascorbic acid must be minimized [12]. Recent approaches adopt 
chemical modifications on the electrodes to enhance the selectiv- 
ity [9, 13-15]. 

In this work, we report an enzyme-free potentiometric UA 
sensor based on an off-chip extended-gate field effect transistor 
(EGFET) with a ferrocenyl-alkanethiol modified gold electrode. 
The extended gate functions as the sensing interface, whereas the 
field effect transistor functions as an in situ trans-impedance 


2 Materials 


2.1 Chemicals 


EGFET Biosensor for Point of Care 191 


amplifier that converts a small potentiometric voltage into a 
readable signal. By leveraging the advantages of microelectronic 
integration, the EGFET can be made very compact. The hexacya- 
noferrate (II) and (III) ions are used as redox reagent. This 
potentiometric sensor measures the interface potential on the 
ferrocene immobilized gold electrode, which can be modulated 
by the redox reaction between UA and hexacyanoferrate ions. The 
EGFET based sensor has shown high selectivity, sensitivity, reli- 
ability, and accuracy to UA detection in human serum and urine. 
Its small size, low cost, low sample volume consumption 
(<10 pL), and easy operation make this device a potential point- 
of-care UA testing tool. 


1. 11-(ferrocenyl)undecanethiol (Catalog No. 738905, Sigma- 
Aldrich, St. Louis, MO). 


2. Ethanol (Catalog No. 459844, Sigma-Aldrich, St. Louis, 
MO). 

3. 1 M nitric acid (Catalog No. 35315, Sigma-Aldrich, St. Louis, 
MO). 

4. Sodium sulfate (Catalog No. 239313, Sigma-Aldrich, St. 
Louis, MO). 

5. Potassium chloride (Catalog No. 746436, Sigma-Aldrich, St. 
Louis, MO). 

6. Potassium hexacyanoferrate(II) trihydrate (Catalog No. 
P3289, Sigma-Aldrich, St. Louis, MO). 

7. Potassium hexacyanoferrate(III) (Catalog No. 244023, , 
Sigma-Aldrich, St. Louis, MO). 

8. pH standard solution (Catalog No. 0029-04, 0031-04, and 
0032-04, Brand-Nu Laboratories, USA). 

9. Uric acid (Catalog No. 02103215, MP Biomedicals, USA). 


10. Human serum from male AB clotted whole blood and sterile- 
filtered (Catalog No. H6914, St. Louis, MO). 


11. Glucose (Catalog No. 410955000, Acros Organics, USA). 


12. Ascorbic acid (Catalog No. RDCA0750-100B1, Ricca Chemi- 
cal, USA). 


13. Bilirubin (Catalog No. 230225000, Acros Organics, USA). 


14. Hemoglobin (Catalog No. H7506-STD, Pointe Scientific, 
USA). 


15. Phosphate buffered saline (Catalog No. P4417, St. Louis, 
MO). 
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2.2 Electronics 


23 Software 


24 Facilities 


3 Methods 


3.1 Sensing 
Principles 


1. N-channel enhancement mode MOSFETs (ALD110800, 
Advanced Linear Devices). 


2. Custom built printed circuit board (PCB), accompanying sig- 
nal amplification and data acquisition interface for personal 
computers (Dell PC). 


3. Ag/AgCl electrodes (Catalog No. 69-0053, Warner 
Instruments). 

4. Ceramic chip carrier (Global Chip Materials). 

5. Linear voltage regulator chips are used in the integrated PCB as 
the power source (9 V). 


6. All other components (resistors, capacitors, op-amps, BNC 
connectors, etc.) are from Newark. 


1. CadSoft EAGLE PCB design software for designing custom- 
built printed circuit board, and the designed board can be 
manufactured by commercial vendors such as OSH Park. 


2. Labview program is used for data acquisition. 
3. MATLAB for data analysis. 


1. The fabrication of the extended gate chip is performed in a class 
1000 cleanroom. 


2. EVG620 is used for lithography. 


3. Metal evaporation is performed with e-beam evaporation 
equipment. 


4. Chromium mask is prepared using Heidelberg direct laser 
writing (this can also be done by using commercial vendors). 


5. An in-house high precision wafer dicing at Yale cleanroom is 
used for dicing the wafer. 


Figure 1 shows the uric acid sensing principle using EGFET. 

For the ferrocene-modified gold electrode, the interfacial 
potential (E) is determined by the redox state of the ferrocene 
compounds on the gold electrode and is given by the Nernstian 
equation, 


E= Eo- —] 
0 F [Ect 





(1) 


where Eo is the standard electrode potential, R is the gas constant, 
T is the absolute temperature, and Fis the Faraday constant. | Fc | 
and [Fc™] are the ferrocene and ferrocenium ion concentrations, 
respectively. 
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Fig. 1 Uric acid sensing principle. The change in the ratio of hexacyanoferrate 
ions (Fe(II) and Fe(lll)) induced through the oxidation of uric acid can be detected 
by the ferrocenyl-alkanethiol modified-FET sensor as the interfacial potential. 
Reproduced from Biosensors and Bioelectronics 2014 with permission from 
Elsevier [16] 


Due to their high reactivity with ferrocene compounds on the 
gold electrodes, hexacyanoferrate ions were widely used as the 
redox compound, given by the following reaction: 


Fc + [Fe(CN),]° =Fc* + [Fe(CN),]* (2) 


where [Fe(CN)¢]°~ and [Fe(CN),|*” is hexacyanoferrate(III) and 
hexacyanoferrate(II), respectively. At equilibrium, the concentra- 
tion relationship among the four components in Eq. 2 is described 
by using thermodynamic equilibrium constant (K), 


[Ec] [Fe(11)| 


[Ect] *FeCD| (3) 





where [Fe(II)] and [Fe(III)| denotes the concentration of | Fe 
(CN)6|* and [Fe(CN).]°, respectively. By substituting Eq. 3 
into Eq. 1, the interfacial potential can be written as, 
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3.2 Extended Gate 
FET Fabrication 


ae a aden (4) 
F {Fe(III 

Eq. 4 shows that the ratio of hexacyanoferrate (II) concentra- 
tion to hexacyanoferrate (III) concentration can be determined by 
measuring the interfacial potential of the ferrocene immobilized 
gold electrode. In theory, the sensitivity of the interfacial potential 
should be —59 mV/decade at room temperature. 

Morin et al. described an acid ferric reduction procedure for 
specifically determining serum uric acid with colorimetric readout 
[17], whereby each mole of UA reduces N moles of ferric ion (N~4, 
depending on the pH value and temperature). As a result, by 
introducing V pL of UA with a concentration | UA| into V pL of 
hexacyanoferrate(III) solution with concentration | Fe(III) ]o, the 
concentrations of hexacyanoferrate (III) and hexacyanoferrate (II) 
after reaction 1s thus given by, 


[Fe(III)], — N[UA] 
2 
N[UA] 
2 


[Fe(III)] = 
(5) 
[Fe(I1)] = 





Therefore, by combining Eqs. 4 and 5, the interfacial potential 
can be rewritten as, 


RT N[UA] 
E = Eo — =!" Feit], — NIUA] (6) 


Under the condition where the initial hexacyanoferrate(III) 
concentration is much excessive to oxidize the UA, i.e., | Fe(III) Jo 
> N[ UA], Eq. 6 can be reduced into the form of, 


E= Be - ~~ in(ual (7) 


Fe(IID]o : 
where Eğ = Eo + RI py Feo is a constant for one specific mea- 


surement situation. It is noteworthy that a According to Eq. 7, UA 
concentration can be determined by measuring the interfacial 
potential of the ferrocenyl-alkanethiol modified gold electrode, 
and the theoretical sensitivity of this detection is about —59 mV/ 
pUA. 


1. The off-chip EGFET UA sensor consists of two independent 
parts (Fig. 2): a disposable front-end sensing chip made of 
multiple interdigitated gold electrodes and a reusable back- 
end FET to detect the interfacial potential on the gold 
electrode. 


2. The front-end gold electrode (80 nm Au on top of 20 nm of an 
adhesive Cr layer) are manufactured sequentially by 
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Fig. 2 Schematic of the off-chip extended gate field effect transistor sensor configuration. It consists of two 
independent parts: a disposable front-end sensing chip and a reusable back-end detection transistor. A Ag/ 
AgCl reference electrode is used to set a stable reference potential. S, D, G: Source/Drain/Gate terminal for the 
ALD110800 MOSFET. V is the voltage applied to the drain terminal. /, is the drain terminal current. The 
sensing area is the liquid chamber for the reaction. Reproduced from Biosensors and Bioelectronics 2014 with 
permission from Elsevier [16] 


photolithography, e-beam metal evaporation, and a lift-off 
process (http://www.microchemicals.com/technical_informa 
tion /lift_off_photoresist.pdf) on a 4 in Si wafer with 3-um- 
thick SiO; as an isolating layer. The whole wafer is protected by 
another layer of SiO, layer except the sensing area (reaction 
chamber) and the bonding pads. 


3. Each chip is diced with dicing saw in-house (Yale Engineering 
Cleanroom). Each chip is around 20 mm x 17 mm. 


3.3 Functionalization 1. Solid 11-(Ferrocenyl)undecanethiol is dissolved in ethanol to 
of Gold Electrodes form a 1 mM 11-(Ferrocenyl)undecanethiol solution. 


2. The extended gold electrode chips (patterned gold electrodes 
on silicon oxide substrate) are dipped into 1 M nitric acid for 
15 s and rinsed immediately with DI water. 


3. The washed extended gold electrode chips are then immersed 
and kept in the 1 mM 11-(Ferrocenyl)undecanethiol solution 
at room temperature for 24 h to fully functionalize the gold 
electrodes. 


4. After functionalization, the chips are rinsed with pure ethanol 
and DI water before storing them in 100 mM sodium sulfate 
solution at room temperature. Once stored, the surface func- 
tionalization is stable for over 1 year. 
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3.4 Electrical Setup 1. The front-end sensing chip is wire-bonded into a ceramic chip 
carrier using West Bond 7440E—ultrasonic insulated wire 
bonder. 


2. The chip carrier is the plugged onto a custom-built printed 
circuit board (PCB), accompanying signal amplification and 
data acquisition interface for personal computers (Fig. 3). 


3. Ag/AgCl electrode is used as reference electrode and is held at 
a constant potential of 0 V during all tests. The modular 
configuration of a separate front-end sensing chip and a back- 
end transistor chip has clear advantages in terms of cost and 
disposability (plug-and-measure). 


4. Ag/AgCl electrode is prepared in house by supplying 2 V to 
the silver wire against a Pt wire in 1 M KCI solution for 20 min. 


5. ALD110800 is configured by connecting the gate terminal to 
the extended gate chip. The source and drain of the FET is 
biased at 0.1 V (Fig. 4). 
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Fig. 3 Photograph of electrical testing setup. The labels shows the physical location of components shown in 
Fig. 2. The ALD10880 is used as the backend transistor chip and the ceramic carrier holds the disposable 
front-end sensing chip and the Ag/AgCl electrode. The system is powered by 9 V voltage regulators. The gate 
terminal alternative access provides the ports for system testing while source terminal access provides the 
ports for applying source voltages. Liquid is pumped into the system using a syringe pump, though the liquid 
can also be dispensed with a pipette 
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Fig. 5 The device response to different [Fe(ll)]/[Fe(lll)] ratios. (a) Time course of the source—drain current when 
the device is subject to a continuous set of different [Fe(Il)]/[Fe(Ill)] ratios. The total concentration of the mixed 
hexacyanoferrate solution is 10 mM, (b) A separate time course for each individual [Fe(Il)|/[Fe(Ill)] ratio at 
10 mM concentration. Each different line represents a different [Fe(Il)]/[Fe(Ill)] ratio (0.01-100), (c) The 
extracted interface potential as a function of the log ratio of [Fe(ll)]/[Fe(Ill)] for (a) and (b), the slope of 
which is determined to be —55.01 + 1.52 mV/decade. Reproduced from Biosensors and Bioelectronics 2014 
with permission from Elsevier [16] 


3.5 Device 1. Different concentration ratio of hexacyanoferrate (II) to hex- 
Characterization with acyanoferrate (III), ranging from 107° to 107 (prepared in 1 x 
[Fe(I)]/[Fe(t)] phosphate buffered saline (PBS buffer) solution) is used to 


characterize the functionality of the device. 


2. Figure 5a exhibits the real time response to different [ Fe(II) |/ 
[ Fe(III) | values. Figure 5b shows the separate time course for 
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3.6 Device 
Characterization 
with Clean UA 


Potential (mV) 
Sensitivity (-mV/dec) 


og Dayao age 
B Day 13200 
@ Day 171 





Log([Fe(Il)]/[Fe(itl)]) 


Fig. 6 (a) Long term stability of the device response to different [Fe(II)]/[Fe(Ill)] 
values. (b) The interfacial potential values in are normalized at [Fe(Il)|/[Fe(lll)| = 
1 to be 0 mV for different days. Reproduced from Biosensors and Bioelectronics 
2014 with permission from Elsevier [16] 


each | Fe(II) |/[ Fe(III) | value. The extracted interfacial poten- 
tial (Fig. 5c) exhibits a near Nernstian response (Eq. 4) to the 
ratio of [| Fe(II) ]/[ Fe(III) ], with a slope of around —55 mV/ 
decade. 


3. Device response to different salt concentration values are char- 
acterized. Using 10 mM of 1:1 mixed Fe(II)/Fe(III) solutions, 
the 11-(ferrocenyl)undecanethiol modified EGFET sensor 
showed no response to the added KCI salts from 10 mM to 
1 M (see Note 1). 


4. In addition, device response to different pH values is character- 
ized. It showed no response to pH values ranging from 4 to 12 
(see Note 2). 


5. To ensure the long term stability of the 11-(ferrocenyl) 
undecanethiol modified gold electrode, we monitored the 
same device’s response to | Fe(II) |/[ Fe(III) | values over time. 
As shown in Fig. 6, the device response to [ Fe(II) |/[Fe(11) | 
did not degrade over a time course of 6 months. 


l. After confirming the device response to [Fe(II)|/[ Fe(III) | 
values, we tested the device response to clean UA. Figure 7a 
shows the real time device response when dropping 5 pL of 
freshly prepared UA of different concentrations into 5 pL of 
10 mM hexacyanoferrate (III) solutions. The end point evalu- 
ation of the complete reaction between UA and Fe(III) can be 
done after about 5 min (which is the assay time). 


2. The relationship between the extracted interfacial potential and 
the UA concentration is shown in Fig. 7b. The interfacial 
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Fig. 7 Device response to artificially prepared UA in 10 mM hexacyanoferrate (Ill) solutions. (a) Time course of 
the source—drain current for different UA concentrations. Time tf = 0 is when the UA is dropped into the 
hexacyanoferrate (Ill) solutions, (b) The extracted end point interfacial potential for different UA concentrations 
shown in (a), (c) Long term response to artificially prepared UA with the same device. The sensitivity of the 
device shows a similar value of —55.94 mV/pUA over a period of 140 days. The coefficient of variation (CV) of 
the error bar is 1%. The vertical shift in the potential value is intentionally added for easy visualization. 
Reproduced from Biosensors and Bioelectronics 2014 with permission from Elsevier [16] 


potential has a good linearity to the logarithm of UA concen- 
tration from 1 uM to 1 mM (with a slope around —59.5 mV/ 
pUA). As a result, the device has a linear dynamic range over 
three orders of magnitude. The response saturates when the 
UA concentration is less than 500 nM and the detection limit 
of this EGFET sensor is therefore determined to be around 
500 nM. 


3. To further test the reliability of the device response to UA, we 
carried out two measurements. The first test is the device to 
device variation. A total of six different devices are tested using 
the same set of reagents and the response for each is almost the 
same as that illustrated in Fig. 7a, b. The second test is the long 
term stability of the device response to UA. Figure 7c shows 
the same device’s response to UA of different concentrations 
for a time period of 140 days. No device response deterioration 
is observed over this time period. 


3.7 Device Response 1. Test the device response to serially diluted biological solutions. 
to Biological Samples Figure 8a shows the end point interfacial potential as a function 
of dilution ratio when adding 5 uL serially diluted human 
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Fig. 8 The device response to biological samples. (a) Device response to serially diluted human serum 
solutions. The sensitivity in this specific device is determined to be —49.8 + 2.01 mV/decade. The coefficient 
of variation of the error bar is 1%. (b) Quantitative detection of uric acid in biological samples. The calibration 
curve is generated by the known UA concentration (empty squares), which is used to determine the unknown 
uric acid concentration in the biological samples (filled triangle and diamond). The coefficient of variation of 
the error bar is 1%. Reproduced from Biosensors and Bioelectronics 2014 with permission from Elsevier [16] 


3.8 Interference Test 


l. 


serum into 5 uL of 1 mM hexacyanoferrate (III) solutions. The 
interfacial potential shows a good linearity to the logarithm of 
dilution ratios. This confirms that the device can work with the 
biological samples containing complex bio-components. 


. Test the UA concentration in biological samples with an assay 


type setup. The device response to different concentrations of 
artificially prepared UA solutions is tested to generate a calibra- 
tion curve (empty squares in Fig. 8b). The calibration curve is 
generated using 5 uL of UA with a concentration range of 
0.1-1 mM in 5 uL of 10 mM hexacyanoferrate (III) solution. 
The calibration curve can be fitted by, 


E = —0.04709log[UA] + 0.37396 (8) 


where [UA] is in the unit of mM. Eq. 8 correlates the [UA] 
with the interfacial potential in this specific test. The end point 
interfacial potential is also evaluated for biological samples 
(filled symbols in Fig. 8b), the uric acid concentration of 
which is then derived using Eq. 8. 


In biological samples such as human serum and urine, common 
interferences to UA detection are glucose, ascorbic acid, biliru- 
bin, and hemoglobin |17, 18]. We tested the device response 
to these interferents at a constant UA concentration (500 uM) 
to study the selectivity of the potentiometric uric acid sensor in 
the present work (Fig. 9) (see Notes 3 and 4). 


. Figure 9a shows the glucose interference. Upon adding 


glucose with a concentration from 1 to 20 mM to the UA 
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Fig. 9 Interference of (a) glucose, (b) bilirubin, (c) ascorbic acid, and (d) hemoglobin, when dropping 
interferents with various concentrations into the 500 uM UA solution. The red arrows indicate the reference 
level of the normal concentration. The slope for each fitted curve is (a) —(2.34 + 2.16) mV/decade, (b) 
4.79 + 2.39 mV/decade, (c) —(2.4 + 2.21) mV/decade, and (d) —(35.89 + 4.49) mV/decade. The coefficient 
of variation of the error bar is 1%. Reproduced from Biosensors and Bioelectronics 2014 with permission from 
Elsevier [16] 


solution, the potential signal barely changed. The sensitivity to 
the glucose is around —(2.34 + 2.16) mV/decade. The pres- 
ence of glucose in the concentration up to 20 mM has no 
influence on the sensor’s response towards UA. 


3. Figure 9b shows the bilirubin interference results. Upon adding 
bilirubin with a concentration from 6.25 uM to 1 mM to the 
UA solution, the sensitivity to the bilirubin is around 
4.79 + 2.39 mV/decade and it has very little influence on UA 
detection. 


4. Figure 9c shows the ascorbic acid interference. The sensitivity 
to the ascorbic acid (from 3.9 uM to 1 mM) is around 
—(2.4 + 2.21) mV/decade. The EGFET sensor thus shows a 
negligible response to ascorbic acid, which is a major problem 
in many other electrochemical UA sensors |10, 18]. 
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5. Figure 9d shows the hemoglobin interference. Hemoglobin is 
the iron-containing oxygen-transport metalloprotein in the red 
blood cells. As shown in Fig. 9d, the device response to the 
hemoglobin remains unchanged upon adding hemoglobin 
with a concentration from 44 to 706 mg/dL. However, the 
device shows a sensitivity of around —(35.89 + 4.49) mV/ 
decade to hemoglobin if the concentration is higher than 
706 mg/dL. The interference from hemoglobin is mainly 
due to the fact that the heme group consists of an iron (Fe) 
ion which is in the ferrous state to support oxygen and other 
gases’ binding and transport. Since the EGFET sensor for UA 
detection proposed here is based on the [Fe(II)|/| Fe(III) |, 
additional added ferrous or ferric ions will interference the 
results. 


4 Notes 


1. Very acidic conditions (pH < 4) should be avoided in all 
experiments since highly toxic hydrogen cyanide gas may be 
evolved (6H* + [Fe(CN)¢|° — 6HCN + Fe**). 1x PBS is 
recommended as high-capacity buffer solution to ensure the 
pH value is around 7 for safety reasons. 


2. The sensitivity of the device is hexacyanoferrate concentration 
dependent. With decreasing hexacyanoferrate concentration 
the device sensitivity to the [Fe(II)]/[Fe(III)] ratio is 
decreased. Hexacyanoferrate solution with a concentration of 
either 1 mM or 10 mM is adopted as the recommended work- 
ing concentration. 


3. For accurate results hemoglobin concentration should be mini- 
mized to less than 1 g/dL from a biological sample before 
using the EGFET uric acid sensor. Normal hemoglobin con- 
centration is around 1-4 mg/dL in serum and is almost non- 
existant in urine. The EGFET uric acid sensor can be reliably 
used for human serum and urine. 


4. Uric acid sample should be tested immediately since it is subject 
to environmental oxidation, resulting in errors. Highly con- 
centrated uric acid sample should be diluted four- to ten-fold 
so that the UA concentration in the sample remains within the 
calibration range (0.1-1 mM). 
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Chapter 14 


Highly Sensitive Glucose Sensor Based on Organic 
Electrochemical Transistor with Modified Gate Electrode 


Xudong Ji and Paddy K.L. Chan 


Abstract 


An organic electrochemical transistor (OECT) with a glucose oxidase (GOx) and poly(n-vinyl-2-pyrroli- 
done)-capped platinum nanoparticles (Pt NPs) gate electrode was successfully integrated with a micro- 
fluidic channel to act as a highly sensitive chip-based glucose sensor. The sensing mechanism relies on the 
enzymatic reaction between glucose and GOx followed by electrochemical oxidation of hydrogen peroxide 
(H202) produced in the enzymatic reaction. This process largely increases the electrolyte potential that 
applies on PEDOT:PSS channel and causes more cations penetrate into PEDOT:PSS film to reduce it to 
semi-conducting state resulting in lower electric current between the source and the drain. The extremely 
high sensitivity and low detection limit (0.1 M) of the sensor was achievable due to highly efficient Pt NPs 
catalysis in oxidation of H202. Pt NPs were deposited by a bias-free two-step dip coating method followed 
by a UV-Ozone post-treatment to enhance catalytic ability. A polydimethylsiloxane (PDMS) microfluidic 
channel was directly attached to the OECT active layer, providing a short detection time (~1 min) and 
extremely low analyte consumption (30 pL). Our sensor has great potential for real-time, noninvasive, and 
portable glucose sensing applications due to its compact size and high sensitivity. 


Key words Organic electrochemical transistor, Biosensor, Glucose detection, Microfluidics, Platinum 
nanoparticles 


1 Introduction 


Organic thin film transistors (OTFTs) are increasingly used as 
biosensor platform linking organic electronics and biological appli- 
cations |1, 2]. Organic electrochemical transistors (OECTs) are an 
important type of OTFTs that have attracted much interests as 
biological sensors due to their stability in an aqueous environment, 
low operation voltage and high sensitivity to biological and chemi- 
cal analytes. OECTs, first introduced by Wrighton et al. [3], are 
three terminal devices with drain, source, and gate electrodes. 
PEDOT:PSS or poly(3,4-ethylenedioxythiophene ) polystyrene sul- 
fonate is a transparent, conductive polymer that is a mixture of two 
ionomers. ‘Together the charged macromolecules form a 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
DOI 10.1007/978-1-4939-6911-1_14, © Springer Science+Business Media LLC 2017 
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Fig. 1 (a) lon distribution in OECT without gate bias. (b) lon distribution in OECT under positive gate bias. (c) 
Typical transfer characterization of OECT device 


macromolecular salt. In OECTs, PEDOT:PSS serves as an active 
channel linking the drain and source electrodes together. The third 
gate electrode is separated from the channel by an electrolyte. The 
working mechanism of OECTs relies on the de-doping process of 
the active channel induced by the positive gate bias. The PEDOT: 
PSS film, in its pristine state, is a mixture of doped (oxidized) and 
undoped (neutral) PEDOT units, when there is no gate bias 
(Fig. la), PEDOT:PSS is in its conducting form (PEDOT"). 
After the addition of gate bias (Fig. 1b), cations penetrate into 
PEDOT:PSS film due to the electrical field. PEDOT™ is reduced 
to the semi-conducting state (PEDOT?) according to the reaction 
below: 


PEDOT* PSS” + M* +e =PEDOT + Mt PSS” (1) 


Here, M* represents a cation in the electrolyte and e` is an 
electron. After the removal of gate bias, cations will come return to 
the electrolyte and the resistance of the PEDOT:PSS channel will 
recover, allowing the OECT to work stably. Owing to this impor- 
tant characteristic, drain—source current can be tuned by varying 
the gate voltage, which is the foundation of the chemical and 
biological sensing properties of OECT, as shown in Fig. lc (transfer 
curve). In the glucose assay, when glucose solution is in contact 
with the OECT device the enzymatic reaction between glucose and 
GOx immobilized on the gate electrode produces hydrogen perox- 
ide (Fig. 2a). After this, electrochemical oxidation of the hydrogen 
peroxide is catalyzed by Pt NPs on the gate electrode under a 
positive bias. The oxidation process results in the transfer of 
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Fig. 2 (a) Schematic diagram of OECT-based glucose sensor integrated with microfluidic channel and 
enzymatic reaction on gate electrode. (b) potential distribution change after glucose injection in gate—- 
electrolyte and electrolyte—channel interface. (c) relationship between drain—source current change and 
effective gate voltage shift after glucose injection 


electrons to the gate electrode and changes the electrical double 
layer at the gate—electrolyte interface, thereby decreasing the volt- 
age drop at the gate—electrolyte interface and increasing the poten- 
tial applied to the active channel, as well as the corresponding 
effective gate voltage Vè of the transistor (Fig. 2b) [4], The 
relationship is given by: 


T 
Vet =Ve++ 1), In|H2 02] + constant (2) 


where y, the ratio between the capacitance of two interfaces (elec- 
trolyte—channel interface (C,) and electrolyte—gate interface (Cg)) 
is given by y = C,/Cg, x is the Boltzmann constant, and T is 
temperature in °C. The existence of glucose solution in the 
OECT device increases the effective gate voltage and causes a 
negative shift of the drain-source current of the device as shown 
in Fig. 2c. By monitoring the drain—-source current decrease of the 
device we can obtain the effective gate voltage change from the 
transfer curve and determine the glucose concentration in the 
analyte. 
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2 Materials 


2.1 Electrodes 
Deposition 


2.2 Active Channel 
Preparation 


2.3 Enzyme 
Immobilization 


Here we introduce the method of fabricating an OECT-based 


glucose sensor including the immobilization of GOx and a bias-free 
two-step dip coating method for deposition of Pt NPs. 


1. Glass slide (Gold Seal). 


N 


O nA W 


. Diamond glass cutter (nickel plated, pkg of 1 ea, Sigma- 


Aldrich). 

. Stencil shadow mask. 

. Ultrasonic cleaner (Branson, 2800). 

. Plasma cleaner (Harrick Plasma). 

. Thermal evaporation chamber (Minibox Conversion 
Moorfield). 


. Atomic force microscope (AFM, Multimode8-U, Bruker). 


. Poly(3,4-ethylenedioxythiophene )-poly(styrenesulfonate) (PED 


OT:PSS) (PH 1000, Clevios) was stored under 4 °C in 
refrigerator. 


. (3-glycidyloxypropyl) trimethoxysilane (GOPS) (>98%, 


Sigma-Aldrich). 


. 4-Dodecylbenzenesulfonic acid (DBSA) (mixture of isomers, 


>98%, Sigma-Aldrich). 


4. Ethylene glycol (EG) (99+%, International Laboratory USA). 


. Syringe filter (PTFE, 0.45 um pore size, Hong Kong Labware 


Co. Ltd.). 


. Kapton tape (DuPont, USA). 
. Magnetic stirrer bar (Azlon, U.K.). 
. Spin coater (SC 100, Weinview). 


. Phosphate buffered saline (PBS) (10x concentrate, 


BioPerformance Certified, suitable for cell culture, Sigma- 


Aldrich). 


. Glucose oxidase from aspergillus niger (GOx) (Type IL, 


>15,000 units /g solid, without added oxygen, Sigma-Aldrich) 
was stored in —20 °C. 


. Chitosan (CHIT) (Medium molecular weight, Sigma-Aldrich) 


was stored in dry box under humidity 25%. 


4. Acetic acid (100%, AnalaR). 


. Teflon tape (Lohmann Technologies UK Ltd). 
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2.4 PVP-Capped Pt 
NPs Deposition 


2.5 Microfluidic 
Channel Fabrication 


2.6 Glucose 
Detection 


3 Methods 


3.1 Experimental 
Setup 


3.2 Synthesis of 
PVP-Capped Platinum 
Nanoparticles 


1. Conditioner (ML-371, Rockwood Electrochemicals Asia Ltd). 


2. Chloroplatinic acid hexahydrate (H>PtCle-6H,O) (ACS 
reagent, >37.50% Pt basis, Sigma-Aldrich). 


3. Polyvinylpyrrolidone (PVP) (M.W.8000, Acros Organics). 


4. Sodium borohydride (NaBHy4) (powder, >98%, Sigma- 
Aldrich). 


5. UV-Ozone cleaner (Jelight Company Inc.). 
6. Hot plate (C-MAG HS7 digital, IKA). 


1. Polydimethylsiloxane (PDMS) precursor (Sylgard 184 Silicone 
Elastomer, Dow Corning). 


2. Curing agent (Sylgard 184 silicone elastomer curing agent). 
3. SU-8 photoresist (Gersteltec). 
4. Silicon wafer (University Wafer, USA). 


. D-(+)-Glucose (>99.5%, GC, Sigma-Aldrich). 
. SourceMeter (Keithley 2602A). 

. Electrical probes (Cascade, Microtech). 

. Silver paste (Ted Pella, INC). 


. Micro medical tubing (I.D. = 0.38 mm, O.D. = 1.09 mm, 
Scientific Commodities INC.). 


m BP ow N = 


6. Syringe pump (LongerPump). 


Figure 3 shows the experimental setup of using OECT as a glucose 
sensor. A SourceMeter was used to provide gate-source and drain- 
source voltage to drive the device, and three electrical probes were 
used to connect the drain, source, and gate electrodes. The electro- 
des were coated with silver paste to improve electrical contact. 
Micro medical tubing was used to connect the inlet and outlet of 
the glucose sensor. A syringe pump was used to inject the glucose 
solution into the microfluidic channel for detection. An enlarged 
view of the glucose sensor device is shown in the insert of Fig. 3. 
The length and width of the sensor is 4.5 cm and 2.5 cm respec- 
tively. When using the OECT for glucose sensing it is very impor- 
tant to properly modify the gate electrode. We deposited Pt NPs on 
the gate electrode to improve the sensitivity, followed by immobili- 
zation of GOx using the biocompatible polymer chitosan. 


1. 1 g H2PtCls.6H20 precursor was dissolved in 200 mL deio- 
nized water under stirring for for 5 min. 


2. 500 mg PVP with a molecular weight of 8000 was dissolved in 
this solution and used as a capping layer. 
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Fig. 3 Experimental setup of OECT-based glucose sensor for glucose sensing 


3. Reductant sodium borohydride solution (0.125 M) was 
prepared in deionized water and gradually added into the 
above solution under stirring until color of the whole solution 
changed from brown to black, which indicates the formation of 
PVP-capped platinum nanoparticles. 


3.3 Electrode 1. Glass slide was cut to 25 mm x 45 mm using a diamond cutter 
Deposition (Note 1). 
2. Glass slide was rinsed in deionized water and sonicated in 
ultrasonic cleaner for 5 min, followed by cleaning with acetone 
and 2-propanol under identical conditions. 


3. Repeat step two again and store the glass slide in 2-propanol for 
thermal annealing at 250 °C until boiling. 


4. Glass slide was dried under a stream of nitrogen gas. 


5. Glass slide was cleaned with oxygen plasma using a plasma 
cleaner for 15 min. 


6. Glass slide was put into a thermal evaporation chamber for 
metal deposition (Note 2). 


7. 100-nm-thick gold drain, source, and gate electrodes were 
deposited on glass substrate through a stencil shadow mask 
(Fig. 4a) which is fabricated by Photo-Chemical Machining 
(PCM). Before gold deposition, a thin layer of Cr with a 
thickness around 10 nm was deposited to improve the adhesion 
between Au electrode and substrate. Evaporation pressure was 
around 2x10~° Pa and the evaporation rate for Au and Cr are 
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Fig. 5 Scheme of Pt NPs deposition by bias free two-step dip coating method 


3.4 Gate Electrode 
Modified by Pt NPs 


2 A/sand 0.5 A/s respectively. The deposition time for Au and 
Cr was around 10 min and 3 min respectively. The thickness of 
Au and Cr was measured by atomic force microscope. 


. After thermal evaporation, the glass slide with electrode 


was cleaned using the same procedure as described in Subhead- 
ing 3.3. 


. Kapton tape was used to cover the whole glass slide except for 


the gate electrode surface. 


. The glass substrate with exposed gate electrode was cleaned by 


UV-Ozone cleaner for 10 min. 


. A bias free two-step dip coating method was used to deposit Pt 


NPs on the gate electrode (Described in following text) [5]. 
Conditioner was diluted to 1% (v/v) by deionized water and 
heated to 60 °C on a hot plate. 


. PVP- capped Pt NPs solution was heated to 40 °C. 


6. The cleaned glass slide was immersed in 1% conditioner for 


5 min (Fig. 5a, b) followed by immersion in PVP-capped Pt NP 
solution for 5 min. (Fig. 5c) Before each step, the substrate is 
rinsed by DI water and sonicated for 3 s to remove any residue. 
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3.5 Active Channel 
Preparation 


3.6 Enzyme 
Immobilization 


After the dip coating process, the glass slide was dried by 
nitrogen gas (Note 3). 


. Post treatment of the substrate is carried out by UV-Ozone for 


15 min. (Fig. 5d) This process is used to remove the condi- 
tioner on the gate electrode underneath the Pt NPs and the 
PVP capping layer to enhance the contact between the Pt NPs 
and gate electrode and also the active surface area of Pt NPs. 


. Teflon tape was used to cover gate surface and Kapton tape was 


used to cover other areas to expose channel area of the device. 


. Glass slide with exposed channel area was cleaned with UV- 


Ozone cleaner for 5 min. 


. 2 mL PEDOT:PSS was mixed with 100 uL ethylene glycol, 


5 uL DBSA and 1 wt% GOPS [6] followed by stirring for 1 h at 
1000 rpm. 


. Mixed PEDOT:PSS solution was filtered using a PTFE filter 


with hole diameter 0.45 um. 


. Three drops of filtered PEDOT:PSS solution was placed on 


active channel surface and spin-coated at 2500 rpm for 65 s. 
Spin acceleration was set to 500 rpm/s and the acceleration 
time is 5 s. 


. Covered Kapton tape and Teflon tape was removed and the 


device was thermally annealed at 140 °C under N> atmosphere 
for 1 h (Note 4). 


. Chitosan (CHIT) solution was prepared by dissolving CHIT 


(50 mg) in acetic acid solution (10 mL, 50 mM) and followed 
by electromagnetic stirring for 1 h at 1000 rpm. 


. Glucose oxidase (GOx) (15 U/mg) stock solution was 


prepared by dissolving 30 mg GOx in 2 mL PBS solution and 
followed by electromagnetic stirring for 1 h at 1000 rpm. 


. 1 mL GOx solution was mixed with 1 mL CHIT solution and 


followed by sonication for 20 min before use. 


. The device was rinsed with deionized water to remove any 


residues, Teflon tape was used to cover channel surface and 
Kapton tape was used to cover other areas to expose gate area. 
The device with exposed gate area was put into UV-Ozone 
cleaner for 5 min (Fig. 6a). 


. Covered Kapton tape and Teflon tape were removed and 10 pL 


GOx/CHIT mixture solution was placed on the Au/Pt NPs 
gate electrode (Fig. 6b) and dried at 4 °C in a refrigerator 
overnight (Fig. 6c). 


. After drying of CHIT/GOx film, the device was rinsed in 


deionized water to remove any non-immobilized enzyme. 
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Fig. 6 Scheme of GOx immobilization on gate electrode of OECT-based glucose sensor 


3.7 Integration with 
Microfluidic Channel 


3.8 Device 
Characterization and 
Glucose Detection 


1. SU-8 photoresist was used to form mode of microfluidic chan- 
nel by conventional soft lithography process on a silicon sub- 
strate as shown in Fig. 4b. 


2. PDMS precursor and a curing agent were mixed at a weight 
ratio of 10 to 1. 


3. PDMS mixture was stirred for around 10 min followed by 
degassing in vacuum oven for ~15 min. 


4. Degassed PDMS mixture was poured on the silicon substrate 
with SU-8 mode and heated in a furnace at 90 °C for 1 h. 


5. Cured PDMS channel with a rectangular cross section (thick- 
ness 50 pm, width 4.5 mm) was peeled off from the silicon 
substrate, cut and punched to connect micro tubes. 


6. Schematic diagram of PDMS channel fabrication process is 
shown in Fig. 7. 


7. PDMS channel and as-prepared OECT device was bonded by 
oxygen plasma treatment for about 3 min (Note 5). 


After fabrication of the OECT-based glucose sensor, measurement 
of the device was carried out with the setup shown in Fig. 3. PBS 
was injected into microfluidic channel and used as electrolyte for 
characterization. A typical transfer curve of the device is shown in 
Fig. 8a. For glucose sensing, glucose solutions of different concen- 
trations were injected into the microfluidic channel at a flow rate 
2 uL/s and a total injection volume 30 uL. After glucose injection 
the channel current decreased. In order compare channel current 
decrease caused by different glucose solutions, normalized current 
(NC) was calculated according to the following equation: 


poone=e 
NC = | 





(3) 








Conc=0 
I D 


where 7T6”=° and I&”™= represent channel currents before and 
after injection of glucose at the concentration of interest, respec- 
tively. As shown in Fig. 8b, glucose solution with concentration as 
low as 0.1 uM caused an obvious decrease of NC compared with 
the control sample (PBS solution only). At the same time, four 
single tests were conducted and showed negligible differences 
between tests, confirming the reliability of our glucose sensor. 
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Fig. 7 Schematic diagram of PDMS-based microfluidic channel fabrication process. (a) Cleaning of silicon 
wafer. (b) Spin-coating SU-8 photoresist. (c) UV-exposure through a photomask. (d) Developing the photore- 
sist to make needed patterns. (e) Pouring PDMS and followed by thermal annealing. (f) Peeling off the PDMS to 
form microfluidic channel 
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Fig. 8 (a) Transfer curve of OECT-based glucose sensor. Vps=—0.2 V. (b) comparison between normalized 
current (NC) after injection of PBS control solution and 10~’ M glucose. (c) NC after injection 107° M glucose 
solution. (d) NC after injection 10~° M glucose solution. (e) NC after injection 10~* M glucose solution. 
(f) relationship between effective gate voltage shifts and glucose concentration. For NC vs. time curves, Vps 
was fixed at —0.2 V and Ve was fixed at 0.5 V 
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4 Notes 


Acknowledgments 


Larger decreases of NC can be obtained by further increasing the 
glucose concentration to 1 M, 10 uM and 100 uM as shown in 
Fig. 8c—e. Effective gate voltage shift AV cause by the glucose 
solution can be calculated and is shown in Fig. 8f. A detection limit 
of 107” M can be obtained in our device (Notes 6 and 7). 


1. Tweezers need to be cleaned in the clean step of glass slide 
preparation to avoid contamination when using tweezers to 
clamp the glass slide for drying under nitrogen gas. 


2. During thermal evaporation of Cr and Au, the area on the plate 
that attaches to the glass slide was first put on top of the Cr 
target. After Cr deposition, spin the plate so that it located on 
top of the Au target. This can help align the top Au electrode 
and bottom Cr adhesion layer. 


3. Conditioner and PVP-capped Pt NPs solution can be reused 
after Pt NPs deposition. 


4. In the process of thermal annealing of the PEDOT:PSS active 
channel, a glass petri dish should be used to cover the glass 
substrate. 


5. When aligning the OECT device with the microfluidic channel 
during the bonding process, the channel area is more visible 
when placed over a black tape, making alignment easier. 


6. Detection of glucose fails mostly due to the leakage of the 
microfluidic channel. If the bonding between the microfluidic 
channel and OECT device is not strong enough, leakage of 
electrolyte will always happen. This bonding problem is usually 
due to insufficient cleaning of the OECT surface. A protective 
layer of parylene can be deposited on the OECT just after the 
gate, drain and source electrode deposition. Plasma etching can 
be used to remove the parylene layer on the gate and channel 
area. After completion of the fabrication process, the parylene 
layer can be peeled off to ensure the surface cleanness of OECT 
for bonding with the microfluidic channel. 


7. During the glucose sensing process, after detection of a glucose 
sample the solution in the microfluidic channel of the device 
should be removed by air and washed by PBS solution for 
about 3 min using a flow rate 2 pL/s. 
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Chapter 15 


Fabrication of Hydrogenated Diamond 
Metal—Insulator—Semiconductor Field-Effect Transistors 


Jiangwei Liu and Yasuo Koide 


Abstract 


Diamond is regarded as a promising material for fabrication of high-power and high-frequency electronic 
devices due to its remarkable intrinsic properties, such as wide band gap energy, high carrier mobility, and 
high breakdown field. Meanwhile, since diamond has good biocompatibility, long-term durability, good 
chemical inertness, and a large electron-chemical potential window, it is a suitable candidate for the 
fabrication of biosensors. Here, we demonstrate the fabrication of hydrogenated diamond (H-diamond) 
based metal—insulator-semiconductor field-effect transistors (MISFETs). The fabrication is based on the 
combination of laser lithography, dry-etching, atomic layer deposition (ALD), sputtering deposition (SD), 
electrode evaporation, and lift-off techniques. The gate insulator is high-k HfO,z with a SD/ALD bilayer 
structure. The thin ALD-HfO) film (4.0 nm) acts as a buffer layer to prevent the hydrogen surface of the 
H-diamond from plasma discharge damage during the SD-HfO , deposition. The growth of H-diamond 
epitaxial layer, fabrication of H-diamond MISFETs, and electrical property measurements for the MISFETs 
is demonstrated. This chapter explains the fabrication of H-diamond FET based biosensors. 


Key words H-diamond, MISFET, high-k, SGFET, Biosensor 


1 Introduction 


Semiconductor ion-sensitive field-effect transistor (ISFET) and 
dielectric-modulated metal-insulator-semiconductor FET (DM- 
MISFET) based biosensors have received much attention due to 
their high sensitivity, label-free detection, and high scalability 
[1, 2]. Figure 1 schematically illustrates the (a) ISFET and (b) 
DM-MISFET. The device structure of ISFET is similar to that of 
the MISFET. The difference between them is that the gate metal 
for the MISFET is replaced by an electrolyte for the ISFET. Since it 
is difficult to detect neutral biomolecules and there is a lack of 
compatibility with standard complementary metal—oxide-semicon- 
ductor (CMOS) technology for the ISFET biosensors, the 
DM-MISFET biosensors have been developed. The DM-MISFET 
has nano-gaps between the insulator and gate metal, which is 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
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(a) 





(b) 


Nano-gap 


Fig. 1 Schematic diagrams of the (a) ISFET and (b) DM-MISFET 


formed by an etching process. It has good compatibility with the 
CMOS process and provides a useful approach to neutral biomo- 
lecular detection. 

Diamond has a wide band gap of 5.47 eV, large thermal 
conductivity, high breakdown field, large saturation velocity, and 
high carrier mobility. It is considered a suitable semiconductor for 
fabrication of high-power, high-frequency, and high-temperature 
electronic devices. Since diamond has good biocompatibility, 
long-term durability, good chemical inertness, and a large 
electron-chemical potential window, it is a suitable candidate for 
the fabrication of biosensors. Because activation energies of 
diamond-dopants (370 and 570 meV for boron and phosphorus 
doped diamond, respectively) are much higher than room temper- 
ature thermal energy (26 meV), an available diamond channel layer 
is necessary for the fabrication of diamond-based electronic and 
bioelectronics devices. Hydrogenated diamond (H-diamond) can 
accumulate holes on the surface with sheet hole density and mobil- 
ity of ~10'* to 10'* cm? and ~100 cm*-.V~'-s~*, respectively. 
After exposing H-diamond to ambient NO3, the hole density of 
the H-diamond channel layer may increase to as high as ~10'* cm~? 
([3]). Therefore H-diamond is considered to be a good channel 
layer for fabricating high-performance diamond-based electronic 
and bioelectronics devices. H-diamond  solution-gate FET 
(SGFET) biosensors have recently been reported [4, 5]. Since 
H-diamond it does not require a passivation layer, H-diamond 
SGFET biosensors are more sensitive than Si-based ISFET biosen- 
sors. Although the DM-MISFET biosensors are believed to be 
capable of detecting neutral biomolecules, there are few reports of 
fabrication of H-diamond-based DM-MISFET biosensors. 

In order to fabricate H-diamond SGFET and DM-MISFET 
biosensors it is to understand H-diamond FET fabrication. In our 
previous studies, we focused on the fabrication of high-k/H-dia- 
mond MISFETs [6, 7]. The high-k insulators can respond to the 
high hole density (~10'* cm~7) of the NO >-treated H-diamond 
channel layer at a low gate electrical field. They are deposited by 


2 Materials 


2.1 H-Diamond 
Epitaxial Layer Growth 
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atomic layer deposition (ALD) and sputtering deposition (SD) 
techniques with a SD/ALD bilayer structure. The thin 
ALD-insulator impacts as a buffer layer to prevent the hydrogen 
surface of the H-diamond from plasma discharge damage during 
the SD-insulator deposition. Here, we will demonstrate the 
growth of H-diamond epitaxial layer, fabrication details of the 
SD-HfO,/ALD-HfO,/H-diamond MISFETs, and electrical 
property measurement for the MISFETs. 


1. Diamond substrate ( Ib-type single crystalline diamond (001), 
dimension: 2.5 x 2.5 x 0.5 mm; Sumitomo Electric Indus- 
tries, Ltd., Osaka, Japan). 

2. Sulfuric acid (Concentration: 98%; Kishida Chemical Corp., 
Ltd., Osaka, Japan). 

3. Nitric acid (Concentration: 69%; Kishida Chemical Corp., 
Ltd., Osaka, Japan). 

4. Hotplate (Model No.: C-MAG HP 10-S27, heat output: 
1050 W, heat temperature range: 50-500 °C, heat rate: 5 K/ 
min, dimension: 300 x 105x415 mm, voltage: 100 V, frequency: 
50/60 Hz; IKA Japan, Osaka, Japan). 

5. Methanol (Concentration: >99.8%; Kishida Chemical Corp., 
Ltd., Osaka, Japan). 

6. Acetone (Concentration: >99.5%; Kishida Chemical Corp., 
Ltd., Osaka, Japan). 

7. Microwave plasma-enhanced chemical vapor deposition system 
(MPCVD, Model No.: AX5200S; Seki Technotron Corp., 
Tokyo, Japan). 

8. MPCVD microwave plasma generator (Model No.:AX3120, 
power: 1500 W; ASTex Applied Science and Technology, Inc., 
Wilmington, MA, U. S. A.). 

9. Hydrogen diffusion purifier (Model No.:LS-2, rate of flow: 
300 L./h, pressure:0.98 MPa; Japan Pionics Co., Ltd., 
Tokyo, Japan). 

10. Methane gas (Purity: >99.999%; Japan Fine Products, Kana- 
gawa, Japan). 

11. Hydrogen gas (Purity: >99.999%; Air Water Hydrogen Corp., 
Tokyo, Japan). 

12. Pocket digital multimeter (Yokogawa Meters & Instruments 
Corp., Tokyo, Japan). 
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2.2 MISFET 
Fabrication 


L 


2i 


Photoresist: LOR 5A (Nippon Kayaku Corp. Ltd., Tokyo, 
Japan). 

Photoresist: AZ5214E (AZ Electronic Materials USA Corp., 
U. S. A.). 


. Photoresist developing solution: Tetramethylammonium 


hydroxide (TMAH, concentration: 2.38%; AZ Electronic 
Materials USA Corp., U. S. A.). 


. Spin-coater (Model No.: Opticoat MS-A150; Mikasa Corp., 


Ltd., Tokyo, Japan). 


. Photoresist baking hotplate (Model No.: Digital hotplate 


NINOS ND-1; AS ONE Corp., Osaka, Japan). 


. AR_CAD software (System House Fukuchiyama Corp., Ltd., 


Kyodo, Japan). 


. Layout Editor software (Build: 20,080,205, Author: Jurgen 


Thies; hompage: http: //layout.sourceforge. net ). 


. Laser lithography system (Light source: semiconductor laser 


with wavelength of 405 nm, light intensity of 300 mW/cm’; 
Nanosystem Solutions, Inc., Okinawa, Japan). 


. Microscope (Model No.: BX51M; Olympus Corp., Tokyo, 
Japan). 

. Mount adaptor (Model No.: U-TV0.5XC-3; Olympus Corp., 
Tokyo, Japan). 


. Capacitive coupled plasma (CCP) dry-etching system 


(SAMCO International Inc., Kyoto, Japan). 


. Electron-gun (E-gun) evaporation system (Model No.: 


RDEB-1206 K; R-DEC Corp., Ltd., Ibaraki, Japan). 


. E-gun evaporation targets: Gold/titanium/palladium (Au/ 


Ti/Pd, Kojundo Chemical Lab. Corp., Ltd., Saitama, Japan). 


. Atomic layer deposition system (Model No.: SUNALE 


R-100B, Picosun Altech Corp., Ltd., Tokyo, Japan). 


. Hf[ N(C2Hs)CH3]4 precursor (Tri Chemical Laboratories 


Inc.,Yamanashi, Japan). 


. Water vapor precursor (Tri Chemical Laboratories Inc., Yama- 


nashi, Japan). 


. ALD carrier gas: Nə (Japan Fine Products, Kanagawa, Japan). 
. Radio-frequency (REF) sputtering deposition (SD) system 


(Handmade). 


. HfO, target for RF-SD system (Purity: >99%, Furuuchi 


Chemical Corp., Tokyo, Japan). 


. RF generator (Model No.:1847 M, Biemtron Co., Ltd., 


Tsukuba, Japan). 


. Argon gas (Japan Fine Products, Kanagawa, Japan). 
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22. Ellipsometer (Model No.: Mary-102, 5Lab Corp., Ltd., Sai- 
tama, Japan). 

23. N-methyl-2-pyrrolidone solution (NMP; Wako Pure chemical 
Industries, Ltd., Osaka, Japan). 

24. Ethanol (Wako Pure chemical Industries, Ltd., Osaka, Japan). 

25. Acetone (Wako Pure chemical Industries, Ltd., Osaka, Japan). 

26. Manual probe system (Prober model MX-200/B; Vector 
Semiconductor Corp., Ltd., Tokyo, Japan). 


27. Analyzer of manual probe system (Model No.: B1500A; 
Agilent Technologies Inc., Tokyo, Japan). 


3 Methods 


3.1 H-diamond Before the H-diamond growth, the Ib-type single crystalline 
Epitaxial Layer Growth diamond (001) substrate is boiled using a hotplate in a mixture 
H,SO, and HNO; solutions at 300 °C for 3 hours. The volume 
ratio between H,SO,4 and HNO; 1s 1:1. Figure 2 shows the images 
of (a) digital hotplate and (b) diamond substrate treatment using 
hotplate at 300 °C. 


3.1.1 Diamond Substrate 
Surface Treatment 


(a) The hotplate power is turned on and the temperature is 
adjusted to 300 °C (see Note 1). 


(b) The diamond substrate is put in the bottom of a beaker. The 
HNO; and H,SO, solutions are poured into the beaker 
sequentially with the volume ratio of 1:1 (see Note 2). 


Hotplate | Gs 


Hotplate 





Fig. 2 Images of (a) digital hotplate and (b) diamond substrate treatment using hotplate at 300 °C. The 
diamond substrate is located at the bottom of the beaker 
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Magnetron 


Fig. 3 Images of (a) MPCVD and (b) H-diamond growth using the MPCVD, and (c) schematic diagram of the H- 


diamond growth using the MPCVD 


(c) 
(d) 


(e) 


After waiting the hotplate temperature up to 300 °C, the 
beaker is moved onto the hotplate (see Note 3). 


After boiling for 3 h, the diamond is cleaned ultrasonically 
using deionized water, acetone, methanol, and deionized 
water sequentially. The cleaning time of diamond substrate 
in each solution is 5 min. 


The diamond substrate is blow-dried by argon gas finally. 


3.1.2 H-diamond The H-diamond epitaxial layer is grown on the Ib-type single 
Epitaxial Layer Growth crystalline diamond (001) substrate by the MPCVD system. 
Figure 3 shows the images of (a) MPCVD and (b) H-diamond 
growth using the MPCVD, and (c) schematic diagram of the 
H-diamond growth using the MPCVD. There is a quartz window 
on the top of the chamber. The diamond substrate is set on the 
holder. The height of the holder can be adjusted by a driving 


motor. 


(a) 


The cooling water, H2 gas, and CH; gas are opened. 
The diamond substrate is led into the MPCVD chamber. 
The mechanical and turbo molecular pumps are turned on 


sequentially. It is necessary to wait about 1 h for the chamber 
vacuum lower than 5 x 1077 Torr. 


The holder height is adjusted to 28.0 mm. 
The H, gas is purified by the hydrogen diffusion purifier. 


After waiting the chamber vacuum lower than 5 x 107” Torr, 
the turbo molecular and mechanical pumps are turned off 
sequentially. 


The purity hydrogen gas is led into the MPCVD chamber 
with the flow rate of around 30 sccm. 


3.2 Fabrication and 
Characterization of 
SD-Hf02/ALD-Hf0./ 
H-Diamond MISFETs 


3.2.1 Laser Lithography 
System 
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(h) The microwave power is turned on and is adjusted to around 
100~200 W. The hydrogen plasma is built up. 


(i) The microwave power is increased to around 1100~1200 W. 
Meanwhile, the flow rate of H3 gas is adjusted to 500 sccm. 


(j) The chamber pressure is fixed at 80 Torr. The reflected power 
is adjusted to be lower than 3 W. The diamond surface 
temperature is around 1000 °C. 


(k) The H-diamond surface is cleaned for 20 min at high temper- 
ature of around 1000 °C. 


(1) The microwave power is decreased to be around 900~960 W. 
The surface temperature of the diamond substrate is in the 
range of 900~940 °C (see Notes 4 and 5). 


(m) The CH, gas is led into the MPCVD chamber with the flow 
rate of 0.5 sccm (see Note 6). 


(n) The H-diamond epitaxial layer growth is begun. The deposi- 
tion time and thickness of the H-diamond epitaxial layer are 
around 1.5~2 h and 150~200 nm, respectively (see Notes 7 
and 8). 


(o) After finishing the H-diamond growth, the microwave power 
is turned off, and the CH4 gas is stopped. 


(p) It is necessary to wait around 1 h to decrease the holder 
temperature to room temperature. 


(q) ‘The H, gas is stopped. 

(r) The sample is taken out from the chamber. 

(s) The H; gas, CH3 gas, and cooling water are closed. 

(t) It is important to confirm whether there is surface channel 


layer for the H-diamond epitaxial layer. The resistance of the 
H-diamond is measured by a pocket digital multimeter. The 
resistance should be in the range of 10 kQ~500 kQ (see Notes 
9 and 10). 


The fabrication of SD-HfO,/ALD-HfO,/H-diamond MISFETs 
is based on the combinations of laser lithography, dry-etching, 
ALD, SD, electrode evaporation, and lift-off techniques. The elec- 
trical properties of the MISFETs are measured by a manual probe 
system. Figure 4 shows the fabrication process of the MISFET. 
There are three major steps: mesa-structure formation | Fig. 4a], 
gate oxide and contact formation |Fig. 4b], and source/drain 
ohmic contact formation | Fig. 4c]. 


(a) The sample is coated using the spin-coater with positive 
photoresists of LOR5A and AZ5214E sequentially. The rota- 
tion rate and time for both photoresists are 7000 rpm and 1 s, 
respectively. The baking temperature and time for the LOR 
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Fig. 5 Images of (a) laser lithography system and (b) opening state of the laser lithography system 


5A are 180 °C and 5 min, respectively. Those for the 
AZ5214E are 110 °C and 2 min, respectively (see Note 11). 


The patterns of the sample are formed using DL-1000 laser 
lithography system, which is shown in Fig. 5a. The patterns 
can be designed using the Layout Editor and AR_CAD 
software (see Note 12). 


The plate is used to set the sample | Fig. 5b]. The total height 
of the plate and diamond substrate is around 9.0 mm. 


The sample is exposed by the semiconductor laser with wave- 
length of 405 nm. The expose dose of the laser is around 
200~250 mJ /cm? with 4 frames per second. 


After exposing the photoresists using the laser lithography 
system, the sample is developed in the TMAH solution for 
2.5 min. 


The sample is cleaned in the deionized water for 20~30 s. 


It is necessary to check whether the exposed photoresists have 
been removed totally using the microscope (see Note 13). 


3.2.2 CCP Dry-Etching The mesa-structure of the sample is formed using CCP dry-etching 
System system. 


The O, etching gas is opened. 
The chamber is cleaned using O, for 15 min. 
The sample is led into the etching chamber. 


The etching conditions are set up. The pressure and etching 
time are 10 Pa and 90 s, respectively. The O2 flow rate 
and plasma power are 100 sccm and 50 W, respectively (see 
Note 14). 


The etching process can be performed automatically with the 
setting conditions. 
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ea 





Fig. 6 (a) Image of ALD equipment and (b) outline of the ALD-HfO- formation using Hf[N(C2H;)CH3], and water 


vapor 
(f) After finishing the etching process, the sample is taken out 
from the chamber (see Note 15). 
(g) The O, etching gas is closed. 
3.2.3 ALD-Hf02 After forming the mesa-structure, it is necessary to form the pattern 
Deposition again using the laser lithography system for the gate oxide insula- 


tors and contact formation. The ALD-HfO), buffer layer is depos- 
ited at 120 °C with precursors of Hf] N(C2Hs)CH3|4 and water 
vapor. The image of the ALD equipment is shown in Fig. 6a. The 
ALD is a thin film deposition technique. This technique is based on 
the sequential use of a gas phase chemical process. Figure 6b shows 
the HfO, deposition using the ALD with Hf] N(C2Hs;)CH3 |4 and 
water vapoer as precursors. At first, the water vapor enters the 
chamber, and there are -OH bonds formed on the surface of H- 
diamond | Fig. 6 (b)-i]. Then, Hf] N(C2Hs)CHs3 ]4 reacts with sur- 
face -OH to form —Hf-—O- bonds on the H-diamond [Fig. 6b-ii 
and iii]. Pulse water vapor into the chamber again to remove the 
HN(C3H;)CH3 groups and to create -Hf-OH bonds | Fig. 6 (b)-iv 
and v]. 


(a) The N, carrier gas is opened. 


(b) The heating temperature for the Hf] N(CH; )CH3 ]4 precur- 
sor is increased with three steps. The first setting temperature 
is 100 °C with the heater temperature and waiting time of 
115 °C and 1 h, respectively. The second setting temperature 
is 115 °C with the heater temperature and waiting time of 
130 °C and 1 h, respectively. The third setting temperature is 
128 °C with the heater temperature and waiting time of 
160 °C and 1 h, respectively (see Note 16). 


(c) The sample is led into the ALD chamber. 


(d) 


(8) 
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The deposition receipt is designed. The pulse and purge 
times for both water vapor and Hf] N(C2H5)CH3]4 precur- 
sors are 0.1 and 4.0 s, respectively (see Note 17). 

After opening the water vapor and Hf] N(C2Hs)CH3 |, pre- 
cursors sequentially, the deposition of ALD-HfO; starts. 
The deposition rate of the ALD-HfO, is around 1.25 A/ 
cycle. The total deposition cycles and the thickness of the 
ALD-HfO, buffer layer are 32 cycles and 4.0 nm, 
respectively. 

After finishing the ALD-HfO, deposition, the Hf] N(C2Hs) 
CH3]4 and water vapor precursors are closed sequentially. 


(h) The sample is taken out from the chamber (see Note 18). 
(i) The carrier gas of N3 is closed finally. 
3.2.4 SD-Hf02 The SD-HfO, layer is deposited in a pure argon ambient at room 
Deposition temperature. The image of our handmade RF-SD equipment and 


the schematic diagram of it are shown in the Fig. 7. 


(a) 
(b) 





The cold water and the argon gas are opened. 


The sample is set on the holder and is led into the load-lock 
chamber. 


After waiting 15 min, the sample is transferred from load- 
lock chamber to main chamber. 


Manipulator 





(b) 


Fig. 7 (a) Image of our handmade RF-SD equipment and (b) schematic diagram of it 
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3.2.5 Evaporation 
System for Electrodes 
Formation 


3.2.6 Photoresist Lift-Off 
Process 


The flow rate of argon gas is adjusted to 10 sccm, and the 
chamber pressure is around 5 Pa. 


The RF generator power is turned on and adjusted to 30 W, 
and the luminance of SD-HfO;, target is built up. 


The flow rate of argon gas is decreased to 2 sccm. The 
chamber pressure is kept at 1 Pa. 


The deposition of SD-HfO; is begun (see Note 19). 
The deposition rate of the SD-HfO, is around 1.5 nm/min. 


After finishing the deposition of SD-HfO,, the power is 
turned off, and the sample is transferred from main chamber 
to load-lock chamber. 


The sample is taken out from the load-lock chamber. 
The cold water and the argon gas are closed. 
Thickness of the SD-HfO, is around 8.6 nm (see Note 20). 


The gate metal and source/drain ohmic contacts are formed using 
E-gun evaporation system. The metal components for all the 
contacts are Au/Ti/Pd (200/20/10 nm), where the slash “/” 
indicates the stack sequence from the top surface. 


(a) 
(b) 


The diamond substrate is stuck on the holder and is led into 
the load-lock chamber of E-gun evaporation system. 


After waiting for the load-lock chamber pressure to lower to 
7 x 10° Pa, the sample is transferred into the main evapo- 
ration chamber (see Note 21). 


The power for the evaporation system is turned on. The 
current is increased gradually to enhance the metal evapora- 
tion rate. 


The Pd metal is evaporated first. The evaporation rate is 


0.5 A/s (see Note 22). 


The Ti metal is evaporated second. The evaporation rate is 


0.5 A/s (see Note 22). 


The Au metal is evaporated last. The evaporation rate is 
2.0 A/s (see Note 22). 


After finishing the evaporation, the sample is transferred 
from the main chamber to load-lock chamber. 


The sample is taken out from the load-lock chamber. 


The photoresists are lifted-off by immersing the sample in the 
NMP solution. 
The lift-off temperature is room temperature (see Note 23). 


The lift-off time is 30 min for the mesa-structure formation 
step | Fig. 4a]. It is 3 h for the gate and source /drain contacts 
formation steps | Figs. 4b, c]. 


(d) 
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After 30 min or 3 h lifting-off, the sample is washed using a 
syringe with the NMP solution (see Note 24). 


The sample is cleaned using acetone and ethanol sequentially 
(see Note 25). 


The sample is blow-dried using argon gas. 


It is necessary to check whether the photoresists have been 
removed totally using the Microscope. 


3.2.7 Electrical Property The schematic interfacial structure of the MISFET is shown in the 

Measurement for the Fig. 8. The gate width ( Wg) is fixed at 150 um with the gate length 

MISFETs (Lg) of 4 um. The inner distance between the gate electrode edge 
and the oxide layer is kept at 10 um. The electrical properties of the 
SD-HfO,/ALD-HfO,/H-diamond MISFETs are measured under 
a dark condition using high performance MX-200/B prober and 
B1500A parameter analyzer. The measurement temperature is 
room temperature. 


(a) 


The sample is fixed on the measurement stage. 


The measurement probes contact with gate, source, and 
drain electrodes. 


The source—drain current versus source—drain voltage (Ips- 
Vps) and source—drain current versus gate voltage (Ips- Ves) 
have been measured. 


For the Ips Vps measurement, the Vgs is varied from —4 to 
2 V in steps of +0.5 V, and the Vps is varied from 0 to —5 V 
in steps of —0.1 V. For the Ips- Vgs measurement, the Vps is 
fixed at —4 V, and the Vgsis varied from 0 to —6 V in steps of 
—0.1 V. 


Figure 9a shows the Ips- Vps for the SD-HfO,/ALD-HfO3/ 
H-diamond MISFET. The MISFET shows good operation 
and p-type channel characteristic. The maximum Ips value 
for the MISFET is —15.1 mA/mm 


Figure 9b shows transfer characteristic corresponding to the 
Ips- Vps. The threshold voltage (Vry) is determined to be 
—0.2 +0.1 V at the Vps of —4 V. The SD-HfO,/ALD- 
HfO,/H-diamond MISFET shows enhancement-mode 


10 pm 





H-diamond epitaxial layer 


Fig. 8 Schematic interfacial structure of the SD-Hf02/ALD-Hf0./H-diamond MISFET 
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(a) 
Steps: +0.5 V 


Ips (mA/mm) 





Ips Qn A/mm) 


=] |Ipsl (mA’-5/mm°?5) 








Fig. 9 (a) /ps-Vps characteristic of the SD-Hf0./ALD-Hf0./H-diamond MISFET, (b) transfer characteristic 
corresponding to Ips- Vps, and (C) gm-Vgs characteristic for the MISFET 


4 Notes 


with normally off characteristic. The on-off ratio at the Vps 
of —4 V is larger than 10° 


. The extrinsic transconductance (gm) as a function of Vgs is 


shown in Fig. 9c. The extrinsic transconductance maximum is 
found to be 5.0 40.1 mS/mm. 


. The treatment of diamond substrate using acid solutions 


should be carried out in a chemical hood. 


. During diamond substrate treatment, the mixture of HNO3 


and H SO, solutions produces heat. Therefore, the beaker 
volume should be larger than 150 ml. The total volume of 
the HNO; and H2SO0; solutions is better lower than 40 ml. 


. During diamond surface treatment using acid solutions, the 


beaker should be covered by a watch glass. 


. Growth conditions usually vary slightly for different MPCVD 


systems. 


10. 


11. 


I2: 


13. 


14. 


15. 


16. 


17. 


18. 
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. If the deposition temperature for the H-diamond is higher 


than 940 °C, the surface of the H-diamond may become 
rough. 


. The flow rate of the CH, can be changed. When the flow rate is 


higher than 0.5 sccm, the deposition rate of the diamond 
epitaxial layer may increase. On the other hand, when the 
flow rate is lower than 0.5 sccm, the deposition rate may 
decrease. 


. If the growth time is longer than 5 hours, the surface of the H- 


diamond may become rough. 


. During the growth of H-diamond epitaxial layer, the reflected 


power and the substrate temperature should be checked and 
adjusted. 


. Using only the plasma to treat the diamond in ambient H, will 


also produce surface conductivity for the diamond substrate. 
However, the resistance may be higher than that for H- 
diamond grown using CH, and Hb. 


There are two necessary conditions for hole accumulation on 
the H-diamond surface. One is the formation of carbon—hy- 
drogen (C-H) bonds. The other is the adsorbed acceptors on 
the surface of H-diamond. After taking the H-diamond out of 
the MPCVD chamber it is necessary to wait a few minutes to 
form the surface adsorbates. 


The bilayer photoresists have a AZ5214E/LORSA bilayer 
structure. The evaporated metals on the bilayer photoresists 
can be lifted-off more easily than that on the single layer 
photoresist. 


The position accuracy of the laser lithography system is +1 pm. 
Therefore it is difficult to fabricate the MISFET with an Le 
thinner than 2 um. 

If the photoresist is not removed totally, the sample should be 
developed again. The developing time is around 1.5 min. 
During the mesa-structure formation, the etching time should 
be no longer than 6 min. If the etching time is too long, the 
photoresists will be etched totally. 

After using the CCP dry-etching system, the chamber should 
be cleaned using O2 gas for 15 min. 

The three heating steps and long waiting time for the Hf| N 
(C,H; )CH3 ]q4 precursor is necessary in order to avoid damage 
during rapid heating. 

The slight change of pulse and purge times will not affect the 
quality of the HfO, film. 


After deposition of ALD-HfO film, the ALD chamber should 
be cleaned by N, gas for 20 min. 
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Chapter 16 


A Light-Addressable Potentiometric Sensor for Odorant 
Detection Using Single Bioengineered Olfactory Sensory 
Neurons as Sensing Element 


Chunsheng Wu, Liping Du, Yulan Tian, Xi Zhang, and Ping Wang 


Abstract 


A light-addressable potentiometric sensor (LAPS), a silicon-based surface potential detector, is combined 
with bioengineered olfactory sensory neurons (OSN) for odorant detection. A LAPS chip is used as a 
transducer to monitor cell membrane potential changes. In addition, a focused movable laser with a 
diameter comparable to cell sizes is employed to select the desirable single cell for measurement under a 
microscope. Bioengineered OSNs are coupled to the LAPS surface and employed as sensing elements, 
which are prepared by the expression of an olfactory receptor of C. elegans, ODR-10, on the plasma 
membrane of rat primary OSNs via transient transfection. The responses of bioengineered OSNs to 
diacetyl, isoamyl acetate, and acetic acid are monitored by extracellular recording using the LAPS chip. 
Features of the recorded extracellular potential firings are analyzed in frequency and time domains. We have 
shown that bioengineered OSNs can generate specific response signals upon the stimulation of diacetyl, 
which is the natural ligand of ODR-10. Moreover, different concentrations of diacetyl can elicit different 
temporal firing patterns in bioengineered OSNs, which permits the concentration detection of specific 
odorant molecules in solution. 


Key words Light-addressable potentiometric sensor, Bioengineered cell, Olfactory sensory neuron, 
Biosensor, Odorant 


1 Introduction 


Since its introduction in 1998 by Hafeman et al., the light- 
addressable potentiometric sensor (LAPSSee Light-addressable 
potentiometric sensor (LAPS)) has been widely applied in bioana- 
lytical and chemical analysis. LAPS is a type of silicon-based field- 
effect device (FED) for surface potential detection, which consists 
of an a electrolyte-insulator [SiO2|-semiconductor [Si] (EIS) 
structure and a bias voltage applied across the structure [1, 2]. 
The basic principle of LAPS is based on the scanned light pulse 
technique towards the measurement in aqueous solutions. A 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
DOI 10.1007/978-1-4939-6911-1_16, © Springer Science+Business Media LLC 2017 
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focused and modulated light is utilized to illuminate the local area 
of the semiconductor to select the desirable spot for measurement. 
The light illumination leads to the generation of electron-hole pairs 
inside the semiconductor, while the bias voltage results in the 
separation of electron-hole pairs in the space-charge region. As a 
result, an alternating photocurrent is generated and can be exter- 
nally measured. The photocurrent/voltage (I/V) curves can be 
obtained by plotting the photocurrent amplitude versus the applied 
bias voltage. Therefore, the flat-band voltage shift due to different 
analyte concentrations can be measured by monitoring the shift of 
LAPS I/V curves along the bias-voltage axis. In addition, as a (bio- ) 
chemical sensor, LAPS is able to determine the analyte concentra- 
tion of an aqueous solution in a spatially resolved manner. A 
focused movable light source is employed to define the local area 
as measurement spot, where a photocurrent is generated depending 
on the local analyte concentration. This makes it possible to achieve 
a spatially resolved map of the distribution of analyte concentration 
on sensor surface. The resolution of the map is determined by the 
size of focused light and the lateral diffusion of carriers inside the 
semiconductor. LAPS is thus able to generate chemical images 
based on the analyte-concentration distribution. 

LAPS has also become popular in many cell-based applications 
due to advantages such as selection of the measurement point, 
simple structure, and spatial resolution sufficient for measurement 
on individual cells [3, 4]. This greatly facilitates the coupling of cells 
with the LAPS chip because there no need to culture cells on 
discrete active sites such as the gate-electrode of individual field- 
effect transistors (FETs) See Field-effect transistors (FETs) or the tip 
of individual microelectrodes. Figure 1 shows the basic mechanism 


Reference electrode 


SiO; 
Depletion layer 


Working electrode 


LAPS chip 





Fig. 1 Schematic diagram showing the structure of LAPS and its mechanism of 
extracellular recording of cell membrane potential changes from a single cell via 
a movable light for selection of the desired single cell 
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of a LAPS chip comprising an EISstructure for the detection of cell 
membrane potential changes from single individual cells. The LAPS 
is thus a surface-potential measuring device capable of detecting 
changes of extracellular potential of cells coupled to the chip sur- 
face. The LAPS measurement system uses a movable focused light 
with a diameter comparable to the sizes of cells to choose the 
desired single cell for measurement. The focused light also illumi- 
nates the local LAPS chip under the single cell being measured. Asa 
result, the local semiconductor inside the LAPS chip can absorb light 
energy and leads to the generation of electron-hole pairs. If a DC 
bias voltage is applied to the LAPS chip via a reference electrode so 
that a depletion layer appears at the insulator/semiconductor inter- 
face, rapid recombination of electron and hole and is avoided. This 
allows generation of a detectable photocurrent through the periph- 
eral circuit. Therefore the AC photocurrent readout by the periph- 
eral circuit is related to the local value of the surface potential, which 
is in turn influenced by the cell membrane potentials coupled to the 
local LAPS surface through light illumination. The AC photocurrent 
will also generate a corresponding fluctuation if the cell membrane 
potential changes. Based on this mechanism, LAPS has been 
utilized for the monitoring of membrane potential changes of 
single cells such as primary olfactory sensory neurons (OSNs)see 
Olfactory sensory neurons (OSNs), where the effects of the spe- 
cific enhancer and inhibitor on olfactory signals have been suc- 
cessfully recorded in a noninvasive manner [5]. 

Primary OSNssee Primary OSNs have great potential to 
improve the performance of biosensors for odorant detection in 
complex environments due to their distinct chemical sensing cap- 
abilities. However, the use of primary OSNs as sensing elements for 
odorant detection has innate limitations that hamper their further 
development and practical applications. One of the main limitations 
originates from the unknown type of olfactory receptors in desired 
OSNs and the corresponding (unknown) olfactory encoding 
mechanisms; this makes it too complicated and difficult to process 
and interpret the recorded response signals and use them to dis- 
criminate different odorants [6]. Therefore it is essential and desir- 
able to obtain functional OSNs having well-defined olfactory 
receptors. To accomplish this we introduce a simplified and novel 
approach for the development of cell-based biosensors for odorant 
detection using bioengineered primary OSNs as sensing elements 
and LAPS as transducers [5]. This approach involves four major 
steps: (1) culture of primary OSNs isolated from the rat olfactory 
epithelium on the LAPS surface, (2) expression of a well-defined 
olfactory receptor protein (an olfactory receptor of C. elegances, 
ODR-10) on the plasma membrane of primary OSNs via transient 
transfection, (3) stimulation of bioengineered OSNs and monitor- 
ing the cell membrane potential changes by LAPS extracellular 
recording, and (4) processing and analysis of recorded responsive 
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signals in frequency and time domains. Bioengineered OSNs con- 
tain not only molecular components necessary for olfactory signal 
transduction, but also well-defined olfactory receptors. This makes 
it possible to transduce specific olfactory signals into membrane 
potential changes. Based on this approach we are able to specifically 
detect target odorant molecules with high specificity in a 
concentration-dependent manner. 


2 Materials 
2.1 LAPS l. Silicon wafer (<100>, n-type, resistivity 10-15 Qcm, 500 um 
Measurement Setup thick, Sigma-Aldrich Inc., St. Louis, MO). 


2. He-Ne semiconductor laser (Coherent Inc., Santa Clara, CA). 
3. Chopper (C-995, Terahertz Technologies Inc., Oriskany, NY). 
. Nikon stereoscopic zoom microscope (SMZ1500, Nikon Inc., 
Kanagawa, Japan). 
5. Microscope objective lens (numerical aperture: 0.4, Jiangnan 
Optic Instrument Co., Nanjing China). 
6. Potentiostat (EG&G M273A, Princeton Applied Research, 
Oak Ridge, TN). 
7. Peristaltic pump (BT00-50 M, Longer Inc., Baoding, China). 
8. Data-acquisition card and LabVIEW software (DAQmx PCI- 
6259, National Instruments, Austin, TX). 
9. MATLAB software (MathWorks, Inc., Natick, MA) 
10. Lock-in amplifier (MODEL SR830 DSP, Stanford Research 
Systems, Sunnyvale, CA). 
11. Reference electrode (Ag/AgCl, 3 M KCI, Metrohm, Herisau, 
Switzerland). 


12. Counter electrode (platinum wire with diameter of 0.1 mm, 
Changhong Precious Metal Inc. Changshu, China).Rapid 
Thermal Processing (HG19-RTP-500, Bexin Inc., Beijing, 
China). 

13. Gaertner ellipsometer (L116C, Gaertner Scientific Corpora- 
tion, Illinois, USA). 

14. MULTINANO3-300 (G&N GmBH, Erlangen, Germany). 

15. Denton Vacuum Explorer 14 (Denton Vacuum, LLC, Moores- 
town, USA). 

16. Wafer dicing saw machine (ZSH506, Shenyang Academy of 
Instrumentation Science, Shenyang, China). 


17. Epoxy (2 ton Clear Epoxy 14,260, Devcon Inc., Danvers, 
USA). 


18. 


22 Cell Culture and l. 


Transfection 


10. 


2.3 Odorant 1. 


Stimulation 
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Conductive glue (HX5849, Shenyang Air Rubber & Plastics 
Products Industry, Shenyang, China). 


. High-pass filter (home-made, working frequency: 1 M). 


Sprague-Dawley (SD) rats (3-day old, Laboratory Animal Cen- 
ter of Zhejiang University, Hangzhou, China). 


. Trypsin solution (0.25% (w/v), pH 7.4~7.8, Sigma-Aldrich 


Inc., St. Louis, MO). 


. Ringer’s solution (6.5 g/L. NaCl, 0.42 g/L. KCI, 0.25 g/L. 


CaCl, 0.2 g/L. sodium bicarbonate, pH 7, Sigma-Aldrich 
Inc., St. Louis, MO). 


. Cell culture medium (Dulbecco’s modified Eager’s medium 


(DMEM) with 10% fetal bovine serum (FBS), Sigma-Aldrich 
Inc., St. Louis, MO). 


. Plasmid containing full-length cDNA of odr-10 (pBluescript 


SK /odr-10, provided by Professor Cornelia I. Bargmann at 
the Laboratory of Neural Circuits and Behavior, Howard 
Hughes Medical Institute, The Rockefeller University, NY). 


. Primers (forward: 5’-GAGTT GGAAT TCATG TCGGG 


AGAAT TGTGG-3’; reverse: 5’-CAGTA AGGAT CCCGC 
GTCGG AACTT GAGAC AAATT-3’, Takara Biotechnology 
(Dalian) Co., Dalian, China). 


. The rho-tag import sequence (5’-GTCGC ACTCG AGATG 


AACGG GACCG AGGGC CCAAA CTTCT ACGTG 
CCTTT CTCCA ACAAG ACGGG CGTGG TGGAA 
TTCGC TGGA-3’, Takara Biotechnology (Dalian) Co., 
Dalian, China). 


. Mammalian expression vector (pFGFP-N1, Clontech Inc., Palo 


Alto, CA). 


. Polymerase (Pyrobest DNA polymerase), dNTPs, PCR buffer 


solution, and restriction enzymes (XhoI, EcoRI, and BamHI) 
(Takara Biotechnology (Dalian) Co., Dalian, China). 


Lipofectamine 2000 (Gibco-BRL /Invitrogen, Carlsbad, CA). 


Phosphate buffer solution (PBS) (135 mM NaCl, 4.7 mM KCl, 
10 mM Na,HPO,, 2 mM NaH2POx., pH 7.4, Beyotime Inc., 
Nantong, China). 


. Diacetyl (Sigma-Aldrich Inc., St. Louis, MO) is dissolved in 


PBS (pH 7.4) at a series of concentrations (0.1 pM, 1 uM, 
10 pM, 50 uM, and 100 pM) and stored in single-use aliquots 
at —20 °C. Isoamyl acetate and acetic acid (Sigma-Aldrich Inc., 
St. Louis, MO) are dissolved in PBS (pH 7.4) at 50 uM and 
stored in single-use aliquots at —20 °C. All the stimulation 
solutions are warmed to 37 °C before use. 
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3 Methods 


3.1 Primary OSNs 1. 


Isolation and Culture 


3.2 Expression l. 


Vector Construction 
and Transfection 


3.3 LAPS Chip l. 


Fabrication 


Noses of SD rats are dissected after decollation. The intact 
olfactory epithelium inside the nose is gently peeled away 
from the underlying bone. 


. The entire intact olfactory epithelium is incubated with trypsin 


solution for 20 min. After incubation, the olfactory epithelium 
is subjected to gentle rinsing in the Ringer’s solution for 5 min 
using a pipette in order to dissociate cells from olfactory epi- 
thelium. (see Note 1). 


. Dissociated cells are suspended in freshly prepared cell culture 


medium after filtration with a sieve of 200 holes per inch. 


. Solutions containing suspended cells are introduced to the 


surface of LAPS chip by placing them in the detection chamber 
for 12 h culture at 37 °C with humidified air containing 5% 
CO2, which allows for the attachment of cells onto the surface 


of the LAPS chip. 


Full-length cDNA of odr-10is amplified from pBluescript SK / 
odr-10 by PCR in a 50 uL reaction volume containing 100 ng 
of pBluescript SK /odr-10, 0.2 ug of each primer, 25 mM 
dNTP, 2.5 U polymerase under the 30 thermal cycles of 
94 °C denaturation for 30 s, 55 °C annealing for 1 min, 


72 °C extension for 1 min, and finally with a 72 °C extension 
for 10 min [7, 8]. 


. The rho-tag import sequence is inserted into multiple cloning 


sites (MCS) of pFGFP-NI1 between sites XhoI and EcoRI to 
construct pFGFP-N1/rho-tag. 


. Full-length cDNA of odr-10 is subclone into the MCS of 


pFGFP-N1/rho-tag between EcoRI and BamHI of MCS to 
construct pFGFP-N1/rho-tag/odr-10. 


. The constructed vector pEGFP-N1/rho-tag/odr-10 is 


sequenced to validate the correction of final sequences. 


. After confirmation by sequencing, the constructed vector 


pEGFP-N1/rho-tag/odr-10 is use to transfect cells isolated 
from rat olfactory epithelium and cultured on the surface of 
LAPS chip by 6 h incubation at 37 °C with 1 mL mixture 
solution containing 40 pL Lipofectamine 2000 and 16 ug of 
constructed vector pEGFP-N1/rho-tag/odr-10. 


LAPS chip is fabricated on the basis of n-type silicon wafer 
(<100>, 10-15 Qcm) using conventional microfabrication 
process. 


. A layer of 30 nm SiO; is formed on the surface of silicon wafer 


by thermal oxidization at 1000 °C for 5 min using Rapid 
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Thermal Processing. The thickness of SiO, layer is measured by 
a Gaertner ellipsometer. 


. Then the silicon wafer is ground to 100 pm in thickness from 


the rear side of the wafer automatically by wafer-rotating grind- 
ing (MULTINANO3-300). 


. Next a 300 nm Al layer is deposited by magnetron sputtering (the 


thickness is controlled by quartz crystal deposition controller 
inside Denton Vacuum Explorer 14) onto the rear side of the 
wafer to create an Ohmic contact and used as the working 
electrode. 


. Finally, the wafer is cut into separate chips with sizes of 


1.0 x 1.0 cm using a Wafer dicing saw machine. 


. For cell culture and measurement, separate LAPS chip is fixed 


on the bottom of a micro-chamber using Epoxy and integrated 
with a copper base using conductive glue. Figure 2a is an 
imaging of LAPS chip integrated with a cell culture micro- 
chamber. Figure 2b shows the typical bias potential-photocur- 
rent curve for a LAPS chip fabricated from n-type silicon wafer. 
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Fig. 2 (a) Imaging of LAPS chip integrated with a cell culture micro-chamber. (b) The typical n-type LAPS bias 
potential—photocurrent curve. (c) Schematic diagram of LAPS measurement setup for single cell monitoring. 
(Reproduced with permission from ref. 5. Copyright 2013 Elsevier) 
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Fig. 3 Photo of measurement setup shield inside a Faraday box including the 
microscope, the movable laser, the sensor with detection chamber, the ther- 
mometer and heater. (Modified from ref. 9) 


3.4 LAPS l. 


Measurement Setup 


Figure 2c shows the LAPS measurement setup for extracellular 
recording from single individual OSNs. During measurements, 
LAPS chips with cultured OSNs are mounted under a micro- 
scope object lens. Figure 3 shows the integration of the micro- 
scope, the movable laser, and the sensor with detection 
chamber, all of which are shielded with a Faraday box to 
minimize the influence of ambient light and environmental 
factors on the measurements |9]. 


2. A He-Ne semiconductor laser with 543.5 nm wavelength and 


5 mW power is modulated at a frequency of 4 kHz and focused 
to less than 10 pm in diameter (Illumination area: ~78.5 um’) 
by a microscope object lens (numerical aperture: 0.4), which is 
used as the light source to illuminate the desired single cell on 
the LAPS surface for measurement. 


3. A platinum wire and Ag/AgCl electrode are used as the 


counter electrode and reference electrode, respectively. 
Counter electrode and reference electrode together with work- 
ing electrode (rear side of LAPS chip deposited with an Al 
layer) are connected to the potentiostat. 


4. A bias voltage of 2.0 V is applied to the LAPS chip via the 


reference electrode and working electrode, which is provided 
by the Potentiostat. 


3.5 LAPS 
Extracellular 
Recording 


3.6 Data Processing 
and Analysis 


L 


2. 
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. The LAPS photocurrent is detected by the potentiostat and 


recorded by the lock-in amplifier by setting the working poten- 
tial at the point that LAPS is most sensitive to the surface 
potential changes. The cutoff frequency of low pass filter 
(LPF) in lock-in amplifier is set at ~200 Hz. 


. A 16 bit data-acquisition card (DAQmx PCI-6259, National 


Instruments, Austin, TX) is employed to collect the data at the 
sampling rate of 10 kHz. 


. A home-made LabVIEW procedures is employed to control 


the data collection process. 


. The detection chamber is sealed with a plastic cover and 


connected with a fluidics system with two inlet tubes and one 
outlet tube. Two inlet tubes are driven by two peristaltic pumps 
and used for the introduction of cell culture medium and 
odorant stimulations to the detection chamber, respectively. 
The pumps are controlled by their built-in software installed 
ina PC. 


. For cell measurement, odorant stimulation such as diacetyl, 


isoamyl acetate, and acetic acid is introduced to the detection 
chamber using a peristaltic pump that is controlled by a per- 
sonal computer. 


. Culture medium or stimulator is pumped alternatively by a 


peristaltic pump and passes through a degasser, a selective 
valve, and flows into the detection chamber. PC controls the 
on-off of pump and the temperature of chip. (see Note 2). 


. For the first step, PBS solution is introduced to the detection 


chamber for the extracellular recording of spontaneous poten- 
tial firings. For the next step, odorant stimulation at a certain 
concentration is applied to the detection chamber for the 
recording of responses in extracellular membrane potential 
changes from single cell. When the recording is finished, the 
detection chamber is washed with PBS to remove odorant 
stimulation. (see Note 3). 


A custom program is developed by MATLAB software for the 
processing of LAPS extracellular recording signals. 


Raw data obtained from LAPS extracellular recordings are 
smoothed by a high-pass filter in order to get rid of baseline 
drifts. Figure 4a shows the typical extracellular recording sig- 
nals after filtered by a high-pass filter, which are recorded from 
single cell under status of control (without any stimulation) 
and stimulated by 10 uM diacetyl. LAPS extracellular recording 
signals show that more firing spikes can be recorded from 
OSNs under stimulation of 10 pM diacetyl than under control 
status (without any stimulation). 
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Fig. 4 (a) Typical LAPS extracellular recordings from single cell without (uppe and with 10 m M diacetyl 
stimulation (/ower) after filter. (b) Normalized power spectra corresponding to control (upper) and stimulation 
(lower) signals. (Reproduced with permission from ref. 5. Copyright 2013 Elsevier) 


3. Fast Fourier transform (FFT See Fast Fourier transform (FFT)) 
(Matlab function) is performed on the filtered LAPS extracel- 
lular recording signals in order to obtain the power spectrum 
and study the characteristics in frequency domain. FFT is an 
efficient algorithm for computing the discrete Fourier trans- 
form. In this case, FFT is employed to converse LAPS extracel- 
lular recording signals in the time domain to the frequency 
domain. Figure 4b is the corresponding power spectra of sig- 
nals shown in Fig. 4a in the low frequency band of 0-30 Hz. 
Under control status (without any stimulation), the power 
spectrum of firing spikes is dominated by one major frequency 
component of 3 Hz and two minor frequency peaks located at 
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2.4 Hz and 8.4 Hz. The power spectrum of diacetyl-induced 
firing spikes showed different frequency components domi- 
nated by three major frequency peaks (at 3, 8.4, and 15 Hz) 
and one minor peak (at 21 Hz). In addition, two frequency 
components (at 15 and 21 Hz) are the distinct frequency 
characteristics of diacetyl-induced signals, which can be 
observed in different concentrations of diacetyl-induced signals 
ranging from 0.1 pM to 100 uM. 


4. In the time domain, peak value extraction method is utilized to 
achieve the properties of the firing spikes. For this, LAPS 
extracellular recordings from cells under stimulus-free status 
are employed as the reference signal to quantify the noise of 
baseline using the mean value “D” of the reference signal. For 
the extraction of firing spikes, a threshold method is used by 
setting a threshold of 2.5*D to optimize the balance between 
error spike detection rate and undetected rate. As a result, all 
the spikes with amplitude higher than 2.5*D are detected. 


5. After the firing spike extraction, the mean firing rate, which is 
calculated by the total number of firing spikes in 60 s, is used to 
indicate the activity of cells in cell membrane potential changes. 
It is indicated that OSNs show much higher mean firing rate 
under stimulation status compared with stimulation-free 
status. 


6. Peri-stimulus time histograms (PSTHsSee Peri-stimulus time 
histograms (PSTHs)) and interspike interval histograms 
(ISIHs) See Interspike interval histograms (ISIHs) are also cal- 
culated to further analyze the LAPS extracellular recording 
signals in time domain. PSTHs is calculated in two steps: the 
first step is the division of a period of observation time T into N 
bins with 1 s bin size; and the second step is to count the 
number of firing spikes in each successive 1 s bin presented as 
the height of PSTHs bar histogram. The main purposes of 
PSTHs is to visualize the firing rates at different times post 
stimulus. 


7. ISIHs are calculated based on time intervals between firing 
spikes, which shows the special firing spike patterns. The time 
interval is used as the abscissa. The spike amount in each 
intervals bin is extracted and normalized by means of dividing 
using the overall amount of spikes in the observation time. 
Figure 5 shows the characteristics of LAPS extracellular record- 
ing indicated by PSTHs (purple) and ISIs (blue) under control 
(without stimulation) and stimulated by different concentra- 
tion of diacetyl. (see Note 4). OSNs show distinct characters in 
the pattern of firing spikes under different status, which 
includes status of control (without stimulation) and stimula- 
tion by 10 and 50 uM diacetyl. 
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Fig. 5 LAPS extracellular recordings after processing and indicated by PSTHs (purple) and ISIs (blue) under (a) 
control (without stimulation) and stimulated by (b) 10 uM and (c) 50 uM of diacetyl. (d) shows the mean firing 
rate of corresponding status, namely control, 10 uM diacetyl (D10), and 50 uM diacetyl (D50). (see Note 4) 
(Reproduced with permission from ref. 5. Copyright 2013 Elsevier) 


4 Notes 


1. All solutions are warmed to 37 °C before use. 


2. All measurements are performed at room temperature 
(18~25 °C). Phosphate buffer solution (PBS) is used as negative 
control solution. As shown in Fig. 6, the concentration-dependent 
responses of OSNs to diacetyl are obtained in the concentration 
range from 0.1 uM to 100 uM. In addition, the specificity of this 
biosensor is also demonstrated to be high as shown in the inset of 
Fig. 6, which shows that this biosensor responds only to stimula- 
tion by diacetylthe natural ligand of ODR-10. 


3. Single cells can be stimulated several times only if the interval 
between two odorant stimulation is at least 5 min, but not over 
10 min. 
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Fig. 6 Responses of OSNs to different concentrations of diacetyl and to various 
odorant stimulations (/nse#. In the inset, D50 means 50 uM diacetyl; IA, isoamyl 
acetate; AA, acetic acid; M1, the mixture of 50 uM diacetyl, 50 uM isoamyl 
acetate, and 50 uM acetic acid; M2, the mixture of 50 pM isoamyl acetate and 
50 uM acetic acid. (see Note 4) (Reproduced with permission from ref. 5. 
Copyright 2013 Elsevier) 


4. All the data are presented as mean +SD (standard deviation). 
Each data point represents an average of five replications. Sig- 
nificant differences are indicated by ** (P < 0.01) and * 
(P < 0.05) using Student’s t-test. 
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Chapter 17 


Piezoelectric Cantilever Biosensors for Label-free, 
Real-time Detection of DNA and RNA 


Alexander P. Haring, Ellen Cesewski, and Blake N. Johnson 


Abstract 


This chapter reviews the design, fabrication, characterization, and application of piezoelectric-excited 
millimeter-sized cantilever (PEMC) sensors. The sensor transduction mechanism, sensing principle, and 
mode of operation are discussed. Bio-recognition strategies and surface functionalization methods for 
detection of DNA and RNA are discussed with a focus on self-assembly-based approaches. Methods for the 
verification of biosensor response via secondary binding assays, reversible binding assays, and the integra- 
tion of complementary transduction mechanisms are presented. Sensing applications for medical diagnos- 
tics, food safety, and environmental monitoring are provided. PEMC sensor technology provides a robust 
platform for the real-time, label-free detection of DNA and RNA in complex matrices over nanomolar (nM) 
to attomolar (aM) concentration ranges. 


Key words Biosensor, Biosensing, Piezoelectric, Cantilever, Bio-recognition, Resonant mode, 
Dynamic mode, Resonant frequency, Real-time detection, Resonant frequency shift 


1 Introduction 


1.1 Background on The quantification of DNA and RNA has many applications in 

Cantilever-Based DNA medical diagnostics, food safety, and environmental monitoring 

and RNA Sensing [1-6]. To date, sensor-based approaches to DNA and RNA quan- 
tification have emerged as potential complements to traditional 
methods-based assays, such as polymerase chain reaction (PCR), 
given their ability to sensitively detect DNA and RNA in real-time 
via label-free protocols [5, 7, 8]. Specifically, dynamic-mode canti- 
lever sensors have provided sensitive detection of synthetic and 
biologically derived DNA and RNA in complex matrices over 
wide dynamic ranges | 7 ]. 

A class of dynamic-mode cantilever sensors, known as 
piezoelectric-excited millimeter-sized cantilever (PEMC) sensors, 
has provided sensitive detection of DNA and RNA in complex 
matrices, including body fluids, [9] food matrices, [10 ] and source 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
DOI 10.1007/978-1-4939-6911-1_17, © Springer Science+Business Media LLC 2017 
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1.2 Sensing Principle 


water [11]. DNA and RNA target strands as short as 10-30 bases 
[9, 12] as well as relatively longer strands of sheared nuclear DNA 
and ribosomal RNA have been detected. [10, 11] For example, 
PEMC sensors have been shown to provide sample preparation-free 
detection of miRNA biomarkers [9] and genetic markers of food- 
and water-borne pathogens [10, 11]. It has also been shown that 
target strands which contain a single nucleotide polymorphism 
(SNP) exhibit a reduced sensor response relative to fully comple- 
mentary target strands, [9 | which suggests a promising future for 
sensor-based approaches to SNP identification. 


As shown in Fig. la, b, PEMC sensors transduce the binding 
between an immobilized probe and a target species into a measure- 
able shift in the resonant frequency of the self-sensing and -exciting 
piezoelectric layer. The resonant frequency of the cantilever sensor 
is given by: [7, 13, 14] 


1 (/Ay\? | EI 
acelin (pti l 
Ín = (2) pwt W 


where f, is the resonant frequency of the n™ mode, 4, is the n™ root 
of 1 + cos(d,,)cosh(A,) = 0, L is the cantilever length, w is the 
cantilever width, ¢ is the cantilever thickness, E is the Young’s 
modulus, J is the moment of inertia for a cantilever, and p, is the 
cantilever density. The first three eigenvalues are: 17 ~ 1.875, Az ~ 
4.694, and 13 ~ 7.855 [15, 16]. Since the sensor mass (m,) is 
related to geometry and material properties through the relation- 
ship m, = p-Lwt, the resonant frequency may also be expressed as: 
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(2) 


Assuming the effective stiffness of the cantilever (k) = EI/L’, 
the resonant frequency takes the form: 


Àn |k 


Thus, an increase in the sensor mass caused by the hybridiza- 
tion ofa target DNA or RNA strand to an immobilized DNA probe 
will result in a decrease in the resonant frequency. The effect of 
mode order (7) on the dynamic sensor mass is given as: [15] 


l k 
fa= z; CA (4) 
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Fig. 1 (a) Photograph of a piezoelectric-excited millimeter-sized cantilever 
(PEMC) sensor immersed in a liquid sample in a static flow setting (unpublished 
data). (b) Schematic of the dynamic-mode cantilever sensing principle by which 
the specific binding of target species, such as DNA or RNA strands, to immobi- 
lized probes, such as single-stranded DNA, is transduced via a change in the 
sensor resonant frequency. Adapted from Johnson and Mutharasan with per- 
mission from Elsevier [7] 


Equation (4) may then be used to estimate the resonant fre- 
quency shift (Af) for a given mass change (Am) as: [7, 17] 





(5) 


where mM, n= m,/Az is the effective sensor mass. Given PEMC sen- 
sors are millimeter scale (L=2—4 mm) and produce high frequency 
resonant modes (f=30 kHz—1 MHz), they are capable of sustain- 
ing resonance while immersed in viscous liquid environments [13]. 
The effect of the cantilever geometry and operation frequency on 
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damping characteristics may be characterized by the magnitude of 
the cantilever Reynolds number (Re,): [18 | 


2 
Ww 
R= (6) 
4y 





where prand y are the density and viscosity of the fluid, respectively, 
and œ is the characteristic radial frequency of vibration (=2zf,,). In 
the limit of Re,—oo the fluid is considered to be inviscid in nature 
[18]. Thus, as shown in Fig. 2a, b, PEMC sensors enable the real- 
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Fig. 2 (a) Photograph of the experimental apparatus showing the primary compo- 
nents which include an impedance analyzer, PEMC sensor, flow cell, incubator, 
and pump. Adapted from Johnson and Mutharasan with permission from the 
American Institute of Physics [22]. (b) Schematic of the fluid handling system 
and flow loop diagrams used for real-time biosensing. Adapted from Johnson and 
Mutharasan with permission from the American Institute of Physics [22] 
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Fig. 3 (a) Cantilever mode shapes for bending, torsional, and lateral modes (red color indicates region of high 
total displacement; blue color indicates region of low total displacement). Schematic of PEMC sensor 
composite and single layer designs (b and c, respectively). Reproduced from Maraldo et al. with permission 
from the American Chemical Society [33] and Sharma et al. with permission from Elsevier [21]. (d) Sensor 
impedance spectra in vacuum (f~945 kHz, Q-value=43), air (f~940 kHz, Q-value=—41), and water (f~900 kHz, 
Q-value=23). Top inset shows a representative solder bond used to connect the PZT chip with conductive 
wires. Bottom inset shows the associated PEMC sensor used in the impedance measurement. Reproduced 
from Maraldo et al. with permission from the American Chemical Society [33] 


1.3 Method Overview 


time detection of DNA and RNA in continuously flowing liquid. 
We note that PEMC sensors give rise to various resonant mode 
shapes depending on the excitation frequency (see Fig. 3a), which 
have been shown to be sensitive to molecular binding; [19, 20] 
however, the majority of applications have used the bending mode 
as it is typically the fundamental mode. 


The application of PEMC sensors for detection of DNA and RNA 
involves four primary steps of: (1) fabrication, (2) surface functio- 
nalization, (3) sensing studies, and (4) sensor response verification. 
Sensor fabrication steps include material assembly, anchoring, and 
electrical insulation. Surface functionalization procedures involve 
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2 Materials 


2.1 Sensor 
Components 


2.2 Electrical 
Insulation 


2.3 Fluid Handling 
System and 
Supporting 
Instrumentation 


surface preparation, bio-conjugation, bio-recognition, and surface 
passivation strategies. Sensing studies encompass exposure of the 
target-containing sample to the sensor and the continuous real- 
time monitoring of sensor response. Sensor response verification 
procedures include reversible binding assays, secondary binding 
assays, the integration of complementary transduction mechan- 
isms, and the use of reference sensors. 


CON DA OF AOU 


. Lead zirconate titanate (PZT) (Type 5A, Piezo Systems, Inc., 


Woburn, MA, USA). 


. Solder kit (Nickel (Ni), Piezo Systems, Inc., Woburn, MA, 


USA). 


. Epoxy (Loctite 1C-—LV Hysol). 

. Cyanoacrylate (Loctite 430). 

. Glass tubes (Inner diameter=6 mm). 
. Conductive wire (30 gauge). 

. Micro-soldering iron. 


. Solder (Rosin core, Kester). 


. Polyurethane. 


2. Parylene C. 


Oo CON BW 


. Spin coater (Radius=16 cm, Dynamic II Centrifuge, Clay 
Adams). 

. Chemical vapor deposition system (PDS 2010 Labcoter 2, 
SCS). 


. Reagent vessels (Syringes, Male Luer-Lok™, 5, 10, and 50 mL, 


BD). 


. Inlet valves (Stopcock with Luer connections, 1-Way, Male 


lock, Cole Parmer). 


. Multi-port manifold. 
. Tubing (Outer diameter=1/16 in., Polyethylene tubing, 


Warner Instruments). 


. Microfluidic fittings (Flangeless ferrule, 1/16 in. outer diame- 


ter tubing, Upchurch Scientific; Flangeless male nut, 1/16 in. 
outer diameter tubing, Polyetheretherketone (PEEK), 
Upchurch Scientific). 


. Sensor flow cell (PEEK). 
. Peristaltic pump (Variable flow mini-pump, Cole Parmer). 
. Impedance analyzer (HP4294A, Agilent). 


. Computer. 


2.4 Surface 
Preparation 


2.5 Bio-conjugation 


2.6 Bio-recognition 


2./ Surface 
Passivation 


2.8 Target 
Hybridization 


2.9 Secondary 
Hybridization 


2.10 Reversible 
Binding 


3 Methods 


1 
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. Plasma treatment, argon (Ar). 
. Plasma reactor (PDC-001, Harrick Plasma). 


. Gold (Au) target. 
. Sputtering system (DESK IV, Denton Vacuum, Inc., Moores- 


town, NJ, USA). 


. Piranha solution, concentrated sulfuric acid (H2SO4) and 


hydrogen peroxide (30% v/v, H202), 3:1 v/v H2SO4:H20O>2. 


Thiolated single-stranded DNA probe (Integrated DNA Tech- 
nologies, Coralville, IA, USA). 


. Nuclease-free deionized water (DIW). 

. Sodium chloride (NaCl). 

. [Iris(2-carboxyethyl)phosphine (TCEP). 

. Tris-hydrochloride (Tris-HCl). 

. Ethylenediaminetetraacetic acid (EDTA). 

. Tris-EDTA (TE) buffer, 1x, 10 mM Tris-HCl in DIW, 1 mM 


EDTA in DIW, pH=7.9, 1 M NaCl. 


. 1-mercapto-6-hexanol (MCH). 


2. Ethanol (EtOH), 200 proof. 


. TE buffer, 1x. 


. Single-stranded DNA or RNA target (synthetic or derived 


from cellular extract). 


. Gold nanoparticles (AuNPs) (Diameter=15 nm, BBInterna- 


tional, Cardiff, UK). 


. Secondary thiolated single-stranded DNA probe (Integrated 


DNA Technologies, Coralville, IA, USA). 


. Sodium hydroxide (NaOH), 0.75 M in DIW. 


The methods are organized into four primary categories: (1) fabri- 
cation, (2) surface functionalization, (3) sensing studies, and (4) 
sensor response verification. Sensor fabrication involves material 
assembly, anchoring, and electrical insulation. Surface functionali- 
zation involves surface preparation, DNA probe immobilization, 
and surface passivation. Sensing studies encompass target prepara- 
tion, target exposure, and continuous sensor monitoring. Sensor 
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3.1 Sensor Assembly 


3.2 Electrical 
Insulation 


response verification includes reversible binding assays for sensor 
regeneration in the form of target dehybridization and secondary 
binding assays for sensor amplification in the form of DNA- 
functionalized AuNP hybridization. 


L- 


The 127 um thick PZT sheet with Ni electrodes is diced into 
5 x 1 mm’ chips (American Dicing, Liverpool, NY, USA). 


. As shown schematically in Fig. 3b, conductive wires are then 


micro-soldered to both faces of the PZT chip, forming a canti- 
lever (see Note 1). The solder bond is positioned ~ 0.5 mm 
from the back edge of the PZT chip. Typical solder bonding 
areas are 0.1-0.2 mm”. Excessive soldering temperatures are 
avoided to prevent damage to the PZT layer. A representative 
micrograph of the solder bond is provided in Fig. 3d. 


. The solder joint and chip are then embedded within an epoxy- 


filled 6 mm glass tube leaving 2—4 mm of the PZT layer 
extending beyond the epoxy anchor, thus maintaining a canti- 
lever geometry. 


. To actuate sensitive impedance-coupled modes, a second pas- 


sive layer, such as borosilicate glass, is often bonded to the 
active PZT layer, for example using cyanoacrylate (see Fig. 3b) 
[20]. We note that the bonding layer has been omitted from 
Fig. 3b, but exists at the interface between the active PZT layer 
and the passive layer. Alternatively, sensitive resonant modes 
may be actuated in single layer cantilevers by extending the 
epoxy anchor on one side of the cantilever, typically 0.2-1 mm, 
as shown schematically in Fig. 3c, while the other side remains 
at the original free length [21]. Actuation strategies based on 
asymmetric electrode configurations have also been used [22]. 


. A polyurethane layer is first spin-coated onto all cantilever faces 


and edges at a speed of ~ 1.5 krpm for 30 s, and is allowed to 
cure overnight. 


. The polyurethane spin-coated PEMC sensors are then coated 


with a 10 pm thick layer of Parylene C via chemical vapor 
deposition (see Note 2). 


. As shown representatively in Fig. 3d, after the sensor is electri- 


cally insulated, the impedance spectrum is then examined in 
different environments, such as vacuum, air, and water. The 
resonant frequency decreases with increasing density of the 
surrounding medium, which is an expected result for 
dynamic-mode cantilevers [23 |. We note that the typical varia- 
tion of sensor impedance characteristics, such as resonant fre- 
quency and Q-value, for a batch of similarly fabricated sensors 
is ~ 5% (n = 3 sensors) [9]. 


3.3 Surface 
Preparation 


3.4 Bio-conjugation 


3.5 Bio-recognition 


l 


l 
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Prior to the deposition of a thin Au film, which provides sites 
for chemisorption of thiolated DNA probes, the sensor is 
rinsed with EtOH. 


The sensor is then cleaned using a 5 min, single cycle, Ar 
plasma treatment. 


The sensor is masked except for a 1 mm’ region at the cantile- 
ver tip which is reserved as the selective sensing area (see 
Fig. 3b, c). 

For immobilizing DNA probes through Au-thiolate chemistry, 
a 100 nm Au layer is sputtered onto the exposed area of the 
cantilever tip. 


To ensure efficient immobilization of thiol molecules, the flow 
cell and reagent reservoirs are rinsed with EtOH and DIW. The 
Au surface is cleaned by treatment with piranha solution for ~ 
30 s. The sensor is then rinsed with DIW (see Note 3). 


As shown in Fig. 4a, the detection of a DNA or RNA target 
requires the initial immobilization of a DNA strand, commonly 
called a DNA probe, which is complementary to a region of the 
target strand, typically 10-20 bases in length. The thiolated 
DNA probe is supplied by the vendor in disulfide form. The 
disulfide bond is reduced by adding 1 pL of TCEP to 300 uL of 
3 uM probe solution, mixing, and allowing the mixture to react 
for 60 min at room temperature. The stock solution is then 
used to create serial dilutions in buffer ranging from nanomolar 
(nM) to femtomolar (fM) levels (see Notes 4 and 5). 


. The experimental setup consists of an impedance analyzer, a 


peristaltic pump, a custom flow cell, and several fluid reservoirs. 
The flow cell is machined to contain one cylindrical chamber to 
hold the sensor anchor and a second cylindrical chamber exten- 
sion (120 pL reactor volume) to house the PEMC sensor. The 
flow cell is kept in an incubator to maintain isothermal condi- 
tions. The flow loop is operated in either a single pass or 
recirculation mode. 


. Prior to an experiment, the flow cell and loop are rinsed with 


EtOH followed by DIW. 


. The sensor resonant frequency is continuously monitored by a 


custom LabView program. The algorithm for the LabView 
program is: (1) measure the impedance of the piezoelectric 
layer over the frequency range of f; to fywithin the range of f; 
< fa < fp where fi, fm and frare the initial, resonant, and final 
frequencies, (2) record the maximum frequency (1.e., the reso- 
nant frequency) and the time, (3) plot the resonant frequency 
versus the time, (4) repeat Steps 1, 2, and 3, and (5) stop 
program. 
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Fig. 4 (a) Schematic of the sequential binding steps in detection of DNA and RNA 
including probe immobilization, surface passivation, target hybridization, and 
response verification (here the secondary binding of DNA-functionalized AuNPs),. 
Reproduced from Johnson and Mutharasan with permission from the American 
Chemical Society [9]. (b) Representative sensor response for real-time DNA 
sensing in continuously flowing liquid showing DNA probe immobilization 
(t~25 min.), buffer rinse (t~75 min.), surface passivation with MCH 
(t~110 min.), detection of a 1 fM target sample (t~150 min.), detection of a 
1 pM target sample (f~190 min.), buffer rinse (t~250 min.), and sensor satura- 
tion with a 1 uM target sample (f~280 min.). Reproduced from Rijal and 
Mutharasan with permission from the American Chemical Society [12] 


3.6 Surface 
Passivation 


3.7 Target 
Hybridization 
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. The sensor is first installed and allowed to reach steady state in a 


continuously flowing buffer. 


. After the resonant frequency reached steady state, the most 


dilute reduced probe solution is added to the recirculating 
buffer at a typical flow rate of 200-1000 L/min to immobilize 
the DNA probe on the sensor Au surface. 


. After the sensor response reached steady state, another addi- 


tion of DNA-containing solution is made, but at a higher 
concentration. As shown in Fig. 4b, this process can be 
repeated until the Au surface is saturated with DNA probe 
(see Note 6). 


. Following deposition of the DNA probe, the flow is returned 


to buffer in a single pass mode to remove any unbound DNA 
from the system. 


. After the system is flushed, the unoccupied Au <111> sites are 


filled by adding 1 mL of MCH (730 uM) to the flow loop and 
placing the flow in a recirculation mode. 


. After the sensor response reached steady state, the flow loop is 


flushed with buffer to remove any unbound MCH from the 
system (see Notes 7 and 8). 


. The stock target sample is first used to create serial dilutions in 


buffer ranging from nanomolar (nM) to attomolar (aM) levels. 
Detailed procedures for extraction and preparation of DNA 
and RNA are provided in our previous studies [10, 11]. 
Synthetic DNA and RNA targets as short as 10-30 bases, 
[9, 12] as well as relatively longer strands derived from 
biological samples have been detected [10, 11]. 


. Following DNA probe immobilization and backfilling, the flow 


is changed to the most dilute target-containing sample and is 
placed in a recirculation mode. 


. As shown in Fig. 5a, the sensor response is then continuously 


monitored as target hybridization occurred. Note the typical 
exponential characteristic of the sensor response during hybri- 
dization of the target strand. 


. After the sensor response reached steady state, another addi- 


tion of target-containing sample is made, but at a higher con- 
centration. Similar to the immobilization of the DNA probe, 
this process can be repeated until the immobilized DNA probes 
become saturated with hybridized target strands. The tech- 
nique of cyclic hybridization also adds confidence to the mea- 
surement as it provides an internal control and enables the 
evaluation of the limit of detection (LOD). 


. After the sensor response reaches steady state, the flow is 


returned to buffer in a single pass mode to remove any 
unbound DNA from the system. 
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Fig. 5 (a) Real-time sensing of DNA hybridization (t ~50 min.) followed by 
subsequent in situ dehybridization (t ~90 min.) and rehybridization (t 
~150 min). Reproduced from Rijal and Mutharasan with permission from the 
American Chemical Society [12]. (b) Sensor response amplification by secondary 
binding of DNA-functionalized AuNPs (f ~125 min.). Reproduced from Sharma 
and Mutharasan with permission from the American Chemical Society [10] 


1. AuNPs are functionalized by mixing 100 pL of stock AuNP 
solution with 300 uL of 3 uM secondary DNA probe and 1 pL 
of stock TCEP. 


2. After 1 h, the AuNPs are then washed by repeated centrifuga- 
tion and resuspended in 1 mL buffer. 


3. As shown in Fig. 5b, the addition of DNA-functionalized 
AuNPs to the flow loop causes a further decrease in the reso- 


nant frequency in the presence of the hybridized target species 
(see Note 9). 


3.9 Reversible 
Binding 


4 Notes 
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. To dehybridize the target strand and regenerate the sensor 


surface, the flow is switched to a NaOH solution in a single 
pass mode (see Fig. 5a; see Note 10). Following dehybridiza- 
tion, the flow may then be returned to buffer and a new target 
strand rehybridized as shown in Fig. 5a. The process of cyclic 
hybridization and dehybridization also adds confidence to the 
measurement as it provides an internal control and enables 
high-throughput analysis. 


. Micro-soldering Conditions—Given PEMC sensors transduce 


target hybridization in terms of change in the resonant fre- 
quency which is measured through the piezoelectric layer, the 
means by which the electrical leads are bonded to the piezo- 
electric layer prior to anchoring are important fabrication con- 
siderations. Various micro-soldering strategies are available 
which provide controlled soldering temperature and solder 
deposition. 


. Flexibility in Electrical Insulation—Gwven the insulating poly- 


mers are applied via spin coating and chemical vapor deposi- 
tion, it is possible to use alternative polymers to insulate the 
PZT layer. For example, hydrophobic coatings, such as SU-8, 
have been applied [24]. 


. Cleaning Sensor Surfaces using Piranha Solution—Warning: 


Piranha solution is highly corrosive and should be handled 
with care. Overexposure of the sensor to piranha solution 
should be avoided and can result in film peeling and surface 
pitting effects [25]. 


. Disulfide Reduction using TCEP—It should be noted that 


alternative strategies for reduction of the disulfide bond are 
also available [12]. 


. Bio-conjugation Techniques for Detection of Proteins, Toxins, 


Viruses, and Cells—In addition to functionalizing the surface 
for detection of DNA and RNA, various bio-conjugation stra- 
tegies may be employed for detection of proteins, toxins, 
viruses, and cells. For example, approaches based on protein 
G adsorption and silanization have been used for the immobi- 
lization of antibodies in antibody-based PEMC sensing appli- 
cations. Collectively, thiolated self-assembled monolayers, | 26 | 
protein G, [27 | carbodiimide-based crosslinking (e.g., 1-ethyl- 
3-(3-dimethylaminopropyl)carbodiimide (EDC)), [28] and 
silanization (e.g., (3-aminopropyl)triethoxysilane (APTES)) 
[28, 29| approaches enable the application of PEMC sensors 
for detection of a wide range of targets including DNA and 
RNA as well as proteins, toxins, viruses, and cells | 7 |. 
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6. 


10. 


Concentration-dependent Binding Responses and Internal 
Controls—In all experiments, returning the flow to buffer 
after target hybridization caused no shift in the resonant 
frequency indicating that the target strand remained hybri- 
dized and verifying that the sensor response is indeed due to 
target hybridization and is not the result of a fluid density or 
viscosity effect. We also note that no net change in the sensor 
response is observed when target-free samples are added 
to the system. Analysis of concentration-dependent 
hybridization responses also provides sensitivity data for sen- 
sor characterization and an internal control for sensor 
response. 


. Vibration-induced Surface Passivation—It has recently been 


shown that acoustic forces generated by ultrasonic vibration 
in micro-electromechanical systems (MEMS) may contribute 
to a reduction in the level of nonspecific binding to the sensor 
[30, 31]. Thus, in addition to the high cantilever Reynolds 
number which enables continuous measurement in liquid, the 
ability to passivate the surface using both surfactant- and 
acoustic-based techniques supports selective biosensing in 
complex matrices. 


. Considerations of Secondary Binding Agent—When design- 


ing a secondary binding assay, two important considerations 
arise as a result of the added mass-based sensing principle: (1) 
the binding strength between the secondary binding species 
and the target, and (2) the added mass contribution of the 
secondary binding species. Efforts should be taken to opti- 
mize both aspects when designing an effective secondary 
binding assay. We also note that secondary binding increases 
the net sensor response per target molecule which both 
increases the LOD and improves the confidence of the mea- 
surement, as the secondary hybridization event is designed 
to only occur if the target strand is hybridized to the immo- 


bilized probe. 


. Reversible Binding—Eftorts should be taken to examine cyclic 


hybridization and dehybridization as an internal control and to 
increase the measurement throughput. It is also of interest to 
determine the effect of the sensor regeneration on the bio- 
recognition layer by examining signal hysteresis. 


Use of Complementary Transduction Mechanisms—It has 
been demonstrated that the use of dual transduction mechan- 
isms, such as the use of an electrochemically active sensing 
area, can also provide complementary information on the 
target hybridization event, making the measurement highly 
robust [32]. 


References 


l. 


10. 


11. 


12, 


13. 


Chen X, Zhang JF, Zen K, Zhang CY (2011) 
MicroRNAs as blood-based biomarkers of can- 
cer. MicroRNAs in cancer translational 
research. Springer, New York 


. Mitchell PS, Parkin RK, Kroh EM, Fritz BR, 


Wyman SK, Pogosova-Agadjanyan EL, Peter- 
son A, Noteboom J, O’Briant KC, Allen A, Lin 
DW, Urban N, Drescher CW, Knudsen BS, 
Stirewalt DL, Gentleman R, Vessella RL, Nel- 
son PS, Martin DB, Tewari M (2008) Circulat- 
ing microRNAs as stable blood-based markers 
for cancer detection. P Natl Acad Sci USA 
105:10513-10518 


. Mostert B, Sieuwerts AM, Martens JWM, Slei- 


fer S (2011) Diagnostic applications of cell-free 
and circulating tumor cell-associated miRNAs 
in cancer patients. Expert Rev Mol Diagn 
11:259-275 


. Yu DC, Li QG, Ding XW, Ding YT (2011) 


Circulating microRNAs: potential biomarkers 
for cancer. Int J Mol Sci 12:2055-2063 


. Sharma H, Mutharasan R (2013) Review of 


biosensors for foodborne pathogens and tox- 
ins. Sens Actuators B 183:535-549 


. McKillip JL, Drake M (2004) Real-time 


nucleic acid-based detection methods for path- 
ogenic bacteria in food. J Food Prot 
67:823-832 


. Johnson BN, Mutharasan R (2012) Biosensing 


applications using dynamic-mode cantilever 
sensors: a review. Biosens Bioelectron 32:1-18 


. Johnson BN, Mutharasan R (2014) Biosensor- 


based microRNA detection: techniques, 
design, performance, and challenges. Analyst 
139:1576-1588 


. Johnson BN, Mutharasan R (2012) Sample 


preparation-free, real-time detection of micro- 
RNA in human serum using piezoelectric can- 
tilever biosensors at attomole level. Anal Chem 
84:10426-10436 


Sharma H, Mutharasan R (2013) hlyA gene- 
based sensitive detection of Listeria monocyto- 
genes using a novel cantilever sensor. Anal 
Chem 85:3222-3228 


Johnson BN, Mutharasan R (2013) A cantile- 
ver biosensor-based assay for toxin-producing 


cyanobacteria Microcystis aeruginosa using 16S 
rRNA. Environ Sci Technol 47:12333-12341 
Rijal K, Mutharasan R (2007) PEMC-based 
method of measuring DNA hybridization at 
femtomolar concentration directly in human 
serum and in the presence of copious noncom- 
plementary strands. Anal Chem 79:7392-—7400 
Johnson BN, Mutharasan R (2011) Persistence 
of bending and torsional modes in 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


2E: 


22; 


23. 


24. 


29: 


26. 


Cantilever Biosensors 261 


piezoelectric-excited millimeter-sized cantile- 
ver (PEMC) sensors in viscous liquids-1 to 10 
(3) cP. J Appl Phys 109:066105 


Timoshenko S (1937) Vibration problems in 
engineering, Second edn. Van Nostrand Com- 
pany, Inc., New York, NY 


Maraldo D, Mutharasan R (2010) Mass- 
change sensitivity of high-order mode of 
piezoelectric-excited millimeter-sized cantile- 


ver (PEMC) sensors: Theory and experiments. 
Sens Actuators B 143:731-739 


Johnson BN, Mutharasan R (2011) A novel 
experimental technique for determining node 
location in resonant mode cantilevers. J Micro- 
mech Microeng 21:065027 


Ziegler C (2004) Cantilever-based biosensors. 
Anal Bioanal Chem 379:946-959 


Sader JE (1998) Frequency response of canti- 
lever beams immersed in viscous fluids with 
applications to the atomic force microscope. J 
Appl Phys 84:64-76 

Johnson BN, Sharma H, Mutharasan R (2013) 
Torsional and lateral resonant modes of canti- 
levers as biosensors: alternatives to bending 


modes. Anal Chem 85:1760-1766 


Johnson BN, Mutharasan R (2011) The origin 
of low-order and high-order impedance- 
coupled resonant modes in piezoelectric- 
excited millimeter-sized cantilever (PEMC) 


sensors: experiments and finite element mod- 
els. Sens Actuators B 155:868-877 


Sharma H, Lakshmanan RS, Johnson BN, 
Mutharasan R (2011) Piezoelectric cantilever 
sensors with asymmetric anchor exhibit pico- 


gram sensitivity in liquids. Sens Actuators B 
153:64-70 


Johnson BN, Mutharasan R (2010) Expression 
of picogram sensitive bending modes in piezo- 
electric cantilever sensors with nonuniform 


electric fields generated by asymmetric electro- 
des. Rev Sci Instrum 81:125108 


Van Eysden CA, Sader JE (2006) Resonant 
frequencies of a rectangular cantilever beam 
immersed in a fluid. J Appl Phys 100:114916 


Rijal K, Mutharasan R (2007) Method for mea- 
suring the self-assembly of alkanethiols on gold 
at femtomolar concentrations. Langmuir 


23:6856-6863 

Johnson BN, Mutharasan R (2013) Regenera- 
tion of gold surfaces covered by adsorbed thiols 
and proteins using liquid-phase hydrogen 
peroxide-mediated UV-Photooxidation. J 
Phys Chem C 117:1335-1341 

Campbell GA, Mutharasan R (2005) Monitor- 
ing of the self-assembled monolayer of 1- 


262 


TA 


28. 


29. 


Alexander P. Haring et al. 


hexadecanethiol on a gold surface at nanomo- 
lar concentration using a piezo-excited 
millimeter-sized cantilever sensor. Langmuir 


21:11568-11573 


Johnson BN, Mutharasan R (2012) pH effect 
on protein G orientation on gold surfaces and 
characterization of adsorption thermodynam- 
ics. Langmuir 28:6928-6934 


Campbell GA, Delesdernier D, Mutharasan R 
(2007) Detection of airborne Bacillus anthra- 
cis spores by an integrated system of an air 


sampler and a cantilever immunosensor. Sens 
Actuators B 127:376-382 


Campbell GA, Mutharasan R (2008) Near real- 
time detection of Cryptosporidium parvum 
oocyst by IgM-functionalized piezoelectric- 
excited millimeter-sized cantilever biosensor. 
Biosens Bioelectron 23:1039-1045 


30. 


31. 


52; 


33. 


Johnson BN, Mutharasan R (2014) Reduction 
of nonspecific protein adsorption on cantilever 
biosensors caused by transverse resonant mode 
vibration. Analyst 139:1112-1120 


Meyer GD, Moran-Mirabal JM, Branch DW, 
Craighead HG (2006) Nonspecific binding 
removal from protein microarrays using thick- 
ness shear mode resonators. Sensors 


6:254-261 


Johnson BN, Mutharasan R (2013) Electro- 
chemical piezoelectric-excited millimeter-sized 
cantilever (ePEMC) for simultaneous dual 


transduction biosensing. Analyst 
138:6365-6371 

Maraldo D, Ryal K, Campbell G, Mutharasan 
R (2007) Method for label-free detection of 


femtogram quantities of biologics in flowing 
liquid samples. Anal Chem 79:2762-2770 


Chapter 18 


Electrochemical Quartz Crystal Nanobalance (EQCN) 
Based Biosensor for Sensitive Detection of Antibiotic 
Residues in Milk 


Sunil Bhand and Geetesh K. Mishra 


Abstract 


An electrochemical quartz crystal nanobalance (EQCN), which provides real-time analysis of dynamic 
surface events, is a valuable tool for analyzing biomolecular interactions. EQCN biosensors are based on 
mass-sensitive measurements that can detect small mass changes caused by chemical binding to small 
piezoelectric crystals. Among the various biosensors, the piezoelectric biosensor is considered one of the 
most sensitive analytical techniques, capable of detecting antigens at picogram levels. EQCN is an effective 
monitoring technique for regulation of the antibiotics below the maximum residual limit (MRL). The 
analysis of antibiotic residues requires high sensitivity, rapidity, reliability and cost effectiveness. For 
analytical purposes the general approach is to take advantage of the piezoelectric effect by immobilizing a 
biosensing layer on top of the piezoelectric crystal. The sensing layer usually comprises a biological material 
such as an antibody, enzymes, or aptamers having high specificity and selectivity for the target molecule to 
be detected. The biosensing layer is usually functionalized using surface chemistry modifications. When 
these bio-functionalized quartz crystals are exposed to a particular substance of interest (e.g., a substrate, 
inhibitor, antigen or protein), binding interaction occurs. This causes a frequency or mass change that can 
be used to determine the amount of material interacted or bound. EQCN biosensors can easily be 
automated by using a flow injection analysis (FIA) setup coupled through automated pumps and injection 
valves. Such FIA-EQCN biosensors have great potential for the detection of different analytes such as 
antibiotic residues in various matrices such as water, waste water, and milk. 


Keywords Quartz crystal nanobalance, Flow injection analysis, Antibiotic residues, Milk, Sulfadiazine 


1 Introduction 


Several biosensor techniques have been reported in recent years for 
detection of antibiotic residues in the milk and other biological 
samples. Electrochemical quartz crystal nanobalance (EQCN) is a 
recent advancement over the Quartz Crystal Microbalance 
(QCM). It is a suitable technique for a wide variety of applications. 
Owing to its simplicity, convenience, and real time response, QCM 
has been increasingly explored in many fields of biomolecular 
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analysis [1, 2]. QCM measures a mass variation per unit area by 
measuring the change in frequency of a quartz crystal resonator 
when a voltage applied across a quartz crystal, it induces a mechan- 
ical stress on the crystal which causes the quartz crystal to oscillate 
at a specific frequency related to the voltage. The frequency of 
oscillation of the quartz crystal is partially dependent on the thick- 
ness of the crystal. During normal operation, all the other influen- 
cing variables remain constant; thus a change in thickness correlates 
directly to a change in frequency. As mass is deposited on the 
surface of the crystal, the thickness increases; consequently, the 
frequency of oscillation decreases from the initial value. With 
some simplifying assumptions, this frequency change can be quan- 
tified and correlated precisely to the mass change using Sauerbrey’s 
equation. The principle of QCM detection is based on frequency 
changes of a crystal that are proportional to the mass changes of the 
crystal surface. The quantitative relationship between the frequency 
shifts and the mass changes of the crystal is given by the well-known 
Sauerbrey’s equation |3]. 


E —2Amf 5 


E A /Prha 


Where, Afis frequency change (Hz), Am is the mass change 
(gm) on the sensor surface, fọ is the fundamental frequency (Hz), A 
the electrode surface area, and pq and lg are the density (cm*) and 
the shear modulus (gm cm~* s~*) of the QCM sensor respectively. 

QCM has the advantages of minimal electrical requirements, 
adaptability to microfluidic techniques, inexpensive fabrication, 
utility in a flow cell, and label-free detection. A QCM biosensor 
integrated in a flow injection analysis (FIA-QCM) system has 
advantages in terms of reproducibility, speed of analysis, control 
of contact time, and concentration profiling in kinetic studies [4]. 

The EQCN is a measurement system for monitoring extremely 
small variation in the mass of a working electrode attached to a 
vibrating quartz single crystal. Thin wafers cut from a quartz crystal 
at a specific orientation (35°15’ angle) and with precise thickness 
(0.166 mm), which oscillates at a characteristic fundamental fre- 
quency of 10 MHz are deployed. The working electrode is in the 
form of a thin metal film evaporated on one side of a quartz crystal 
wafer, which is then sealed to the side opening in an electrochemical 
cell. Any change in the mass rigidly attached to the working 
electrode results in the change of the quartz crystal oscillation 
frequency. The frequency of the working quartz crystal is measured 
and compared to the frequency of the standard reference quartz 
crystal. Hence, the frequency measurements are differential, i.e. the 
frequency of the reference crystal is subtracted from the frequency 
of the working crystal. The obtained frequency difference is then 
converted to an analog voltage using a frequency-to-voltage 
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1.1 FIA-EQCN 
Biosensor for 
Antibiotic Residue 
Analysis in Milk 
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converter and measured using a 16-bit analog-to-digital converter 
(ADC). The frequency shift is proportional the mass change of the 
working electrode. The EQCN experiments are completely com- 
puter controlled with the data logger DAQ-716 with real-time 
VOLTSCAN data acquisition and control system (based on a 16- 
bit D/A converter and 16-bit A/D converters). All the data pro- 
cessing, graphing, and spreadsheet reporting are done with Volts- 
can 5.0 software. Calculations of frequency to mass change are 
calculated as per the following equation: 


Af x AX \/HaP, 
aman r 
(fP) 
where 


Am = Mass change (gm), 

Af = Resonant frequency change (Hz), 

A = Piezoelectric active surface for reaction (0.25 cm), 
Ha = AT-cut quartz constant (2.947 x 10? gcm™' s^), 
Pq = Quartz crystal density (2.65 g cm?*), 

fq = Reference frequency or resonant frequency (Hz). 


In the reported EQCN 700 system, resonant frequency of the 
gold crystal is 10 MHz (10 x 10° Hz) and calculated change of 
1 Hz equals 1.1040 ng. 


Antibiotics are one of the most important bioactive and chemo- 
therapeutic groups of compounds. In veterinary medicine, antimi- 
crobial drugs are routinely used to treat mastitis in dairy cows but 
the efficiency of antibiotics as growth enhancers has also led to their 
use as supplements in animal feed. Sulfonamides and aminoglyco- 
sides are the families of chemotherapeutic widely used for thera- 
peutic and prophylactic purposes in animal diseases. Antibiotics are 
being used either individually or in combination with other drugs 
for the treatment of inflammatory diseases or as feed additives. 
Toxicological data reveals that some antibiotics have anti thyroid 
effects in both animals and humans [5]. Sulfadiazine (SDZ) is a 
member of the sulfonamide or the sulfa drug family, which plays an 
important role in veterinary medicine by controlling many bacterial 
and protozoan diseases [6]. The occurrence of these antibiotic 
residues in food carries the risk of increasing the number of resistant 
bacteria and transferring antibiotic resistance genes to human 
pathogens. Indiscriminate use of antibiotics may produce residues 
in the milk, and subsequently induce allergic reactions in humans. 
Monitoring of antibiotics is very important for safety of milk or 
milk products for human consumption. The presence of these 
antibiotic residues even in minute amounts can trigger potential 
health hazards such as allergic reactions in hypersensitive indivi- 
duals, toxicity, or they can act as potential carcinogens [7]. 
Economic reasons have also led to control of antimicrobial residues 
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2 Materials 
2.1 List of the 


Instruments and 
Chemicals 


3 Methods 


3.1 Experimental 
Setup 


in food. Several regulatory agencies have set the maximum residual 
limit (MRL) for antibiotics in milk for consumer protection. In 
particular, the European Union (EU) has fixed the limit for SDZ at 
100 ng/mL. 


1. EQCN-700 system integrated with a microfluidic flow cell, 
model FC-6 (Elchema, USA). 


. Gold quartz crystal (10 MHz, AT cut) (Elchema, USA). 
. Multichannel peristaltic pump (Gilson, France). 

. 6-port injection valve (Rheodyne, USA). 

. Faraday cage (Elchema, USA). 

. Micropipettes (Eppendorf, Germany). 

. Minispin centrifuge (Eppendorf®, Germany). 

. pH meter (Mettler Toledo, Switzerland). 

. Milli-Q RO system (Millipore, USA). 


. Anti-sulfadiazine polyclonal antibody (pAb-SDZ) Ig fraction 
isolated from sheep (Randox, UK). 


. Sulfadiazine and sulfadiazine ELISA kit (Randox, UK). 


. Sodium dihydrogen phosphate monohydrate (Merck, 
Germany). 


O CON BW A W WH 


— 
© 


— = 
No = 


— 
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. Disodium hydrogen phosphate monohydrate, (Merck, 
Germany). 


p— 
uN 


. Sodium chloride (Merck, Germany). 


— 
Jı 


. Glutaraldehyde (Merck, Germany). 


— 
ON 


. Glycine (Merck, Germany). 


— 
N 


. Cysteaminium chloride (Merck, Germany). 


EQCN-700 system integrated with a microfluidic flow cell, model 
FC-6 (Elchema, USA) is deployed for construction of the FIA- 
EQCN biosensor as presented in Fig. 1 (see Note 1). The gold 
quartz crystal (10 MHz, AT cut) is connected to the frequency- 
measuring unit, which contains a reference crystal with the same 
characteristics as the measuring crystal (see Notes 2 and 3). A mul- 
tichannel peristaltic pump (Gilson, France) is connected through a 
6-port injection valve (Rheodyne, USA) to the flow-cell. The out- 
put from the oscillator is measured by the frequency unit, 
which calculated the mass by using a conversion factor (1 Hz 
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equivalent to 1 ng). A personal computer controlled data acquisi- 
tion. The flow cell is placed in a Faraday cage to shield the crystal 
from external electromagnetic sources. 

The gold quartz crystal is placed in the plexiglass flow cell, 
sandwiched between two O-rings, with its upper electrode in con- 
tact with the liquid and its lower electrode in the air. The diameter 
of the quartz wafer is 14 mm and that of the working electrode is 
5 mm. The volume of the flow cell is 50 pL. The peristaltic pump is 
connected in such a way that it reduced the pressure exerted on the 
crystal. Samples are placed in the 6-port injection valve and injected 
into the carrier buffer through a 100 pL sample loop. The samples 
are passed over the biofunctionalized gold coated quartz crystal 






a 
Frequency / Mass 
Measuring Unit 
(EQCN 700) 
Sample in carrier buffer <4 Injection 
F H valve 
Multichannel Pump 
b 


Cystaminium modified gold quartz crystal 
sandwiched between O ring 


Flow cell 
Mass change 
__ redont 
in Voltascan 5 
Faraday Cage software 
EQCN 700 


Multichannel Pump 


Buffer reservoir 





Fig. 1 (a) Schematic of FIA-EQCN and (b) Photograph of FIA-EQCN biosensor for antibiotic residue analysis. 
(c) Photographic procedure for FIA-EQCN operation 
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Fig. 1 (continued) 


3.2 Solution 
Preparation 
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Mounting of gold crystal 
on Flow cell 





Gold crystal placed between O rings 
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Gold crystal on flow cell connected 
to working electrodes Real time binding response read out 





surface through the flow cell using a flow rate 0.5 mL/min in static 
mode and 0.1 mL/min in semi-automated mode. Real time 
responses are recorded until equilibrium. To attain a steady state 
equilibrium, about 2 mL of sample is used at the flow rate of 
0.1 mL/min. The capacity of the working area (area under O- 
ring) of the flow cell is 40 uL at equilibrium. 


Phosphate buffered saline (PBS, 100 mM) is prepared by dissolving 
appropriate amount of Na HPO; and NaH>PO, containing 
137 mM NaCl and 27 mM KCI in membrane filtered RO water. 
The pH of the buffer is adjusted to 7.4 before use. For preparation 
of standards, known amounts of antibiotics are dissolved in PBS 
and further diluted to meet the calibration standards. For analysis 
of milk, samples are centrifuged and diluted (1:4) in PBS. All 
solutions are freshly prepared before the experiment and stored at 
4 °C when not in use (see Note 4). 
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3.3 Formation 
of SAMs 


3.4 Immobilization of 
Anti-sulfadiazine 
Antibodies 


Immobilization of biomolecules on the sensing surface is an impor- 
tant consideration in the construction of an efficient biosensor. 
Several immobilization and surface modification strategies are 
used for biomolecule attachment. One such approach is to use 
cross-linking via Self-assembled monolayers (SAMs). To prepare a 
FIA-QCM biosensor setup, biomolecules need to be immobilized 
on the crystal surface to capture target analyte. Various immobili- 
zation techniques have been reported for binding of biomolecules 
on the crystal surface, including adsorption and covalent cross 
linking via thiolation, silanization or phosphonation. Recently 
immobilization has been demonstrated using SAMs of thiolated 
antibody, exploiting carboxyl amine coupling of the antibody over 
the SAMs of different thiol or sulfide compounds [8]. SAMs of 
organic molecules are molecular assemblies formed spontaneously 
on surfaces by adsorption and self-organization into large ordered 
domains. SAMs are created by the chemisorption of head groups 
onto a substrate from either the vapor or liquid phase followed by a 
slow organization of tail groups. The head groups assemble on the 
substrate, while the tail groups assemble far from the substrate. 
Areas of close packed molecules nucleate and grow until the surface 
of the substrate is covered in a single monolayer. Moreover, SAMs 
provide versatility and novel properties on surfaces and interfaces 
by conjugating biomolecules to facilitate a low-cost method of 
fabricating biosensor devices with improved activity, stability and 
selectivity [9]. Binding of biomolecules using cross-linkers is a 
popular approach of chemical modification and can be achieved 
using compounds like glutaraldehyde. One such testimony of the 
glutaraldehyde cross linking based SAM has been used in this work 
and procedure is explained in the next section (see Note 5). 


The methodology employed for anti-sulfadiazine polyclonal anti- 
body (pAb-SDZ) immobilization is based on multilayer assembly 
on the gold surface of the piezoelectric transducer gold quartz 
crystal. The gold quartz crystal is gently washed with absolute 
ethanol to remove any dust particles present on the surface and 
dried with nitrogen stream before use. The cleaned gold quartz 
crystal is incubated for 12 h in an aqueous solution of 15 mM 
cystamine chloride (CYST) (see Notes 2 and 3). The crystal is 
then washed with double distilled water and incubated for 30 min 
in (2.5 % v/v) glutaraldehyde solution. The crystal is then washed 
with PBS to remove residual glutaraldehyde. The crystal is finally 
exposed to the pAb-SDZ solution (1:500 dilution of 10 pg/mL) 
for 1 h and rinsed with PBS. To block reminiscent aldehyde groups, 
the modified crystal surface is exposed to glycine solution (4 % w/v) 
for 30 min and subsequently washed with PBS. Schematic for 
immobilization of pAb-SDZ is shown as Fig. 2. Antibody immobi- 
lized gold quartz crystal might be regenerated by cleaning it with 
piranha solution; However the binding efficiency of the gold quartz 
crystal may reduce upon reuses (see Note 6). 
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Fig. 2 Schematic representation of immobilization procedure for anti-sulfadiazine polyclonal antibody (pAb- 
SDZ) through cystaminium modified gold coated quartz crystal 
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Fig. 3 Effect of pH of PBS on the response of FIA-EQCN biosensor for 100 ng/mL SDZ (PBS 100 mM, flow rate 


0.5 mL/min) 


3.5 Optimization of 
the FIA-EQCN System 
for SDZ Analysis 


3.5.1 Effect of Influential 
Parameters of FIA System 


Various parameters like pH, ionic strength of the carrier buffer and 
flow rate of the FIA system are optimized. PBS of different pH (6.8, 
7.0, 7.2, 7.4, 7.6) and ionic strength (10, 50, 100, and 200 mM) is 
prepared and measurements are carried out against 100 ng/mL 
SDZ by passing the standard antibiotic solution over the mounted 
gold quartz crystal. Based on the responses obtained from the 
EQCN biosensor, graphs are plotted for mass change verses the 
pH and Ionic strength of the PBS and presented below. 

Figure 3 confirms that at pH 7.4, 100 ng/mL showed the 
maximum binding. Similarly, the maximum binding of SDZ to 
pAb-SDZ is observed for ionic strength corresponding to 
100 mM PBS (Fig. 4). 

The effect of flow rate on the binding of SDZ to the immobi- 
lized antibody (pAb-SDZ) on the modified crystal surface is also 
tested. A known amount of SDZ standard solution (100 ng/mL) is 
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Fig. 4 Effect of ionic strength of PBS on the response of FIA-EQCN biosensor for 
100 ng/mL SDZ, flow rate 0.5 mL/min 
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Fig. 5 Effect of flow rate of PBS on the response of FIA-EQCN biosensor for 
100 ng/mL SDZ. PBS 100 mM, pH 7.4 


passed over the mounted crystal at different flow rates (0.01, 0.1, 
0.5 and 1 mL/min). The optimum flow rate, corresponding to the 
maximum binding response, is found at 0.5 mL/min as presented 
in Fig. 5. This flow rate also provided sufficient contact time for 
binding of SDZ to the immobilized antibody. The optimized 
parameters (pH 7.4, ionic strength 100 mM, and flow rate 
0.5 mL/min) are used throughout the experiment for further 
analysis of SDZ.. 
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3.5.2 Optimization of 
Antibody Dilutions 
for pAb-SDZ 


3.6 Calibration of 
SDZ in Buffer and Milk 


It is very important to optimize the concentration of antibody 
(bioreceptors), which critically affects their conjugation onto the 
electrodes as well as their ease of access toward analytes [10] 
(see Note 7). To determine the optimum antibody concentration 
and to check the maximum binding efficiency, different dilutions of 
pAb-SDZ are injected into the FIA system on the different SAMs- 
modified crystal surfaces. The pAb-SDZ antibodies are diluted with 
PBS at 1:100, 1:500, 1:1000, 1:2000, and 1:2500. As shown in 
Fig. 6, a 1:1000 dilution of pAb-SDZ showed the maximum bind- 
ing on the optimized monolayer surface. Hence, further experi- 
ments are carried out using 1:1000 dilutions of antibodies. Other 
dilutions of antibody with PBS showed less binding as compare to 
1: 1000 dilutions, which agree with the hypothesis that too high or 
low density of bio-receptors can actually hinder antigen antibody 
binding due to steric hindrance resulting from high concentrations. 


In order to calibrate the analytical system, the pAb-SDZ immobi- 
lized gold quartz crystal is kept in a Plexiglas flow-cell and sand- 
wiched between two O-rings as presented in experimental setup. 
Degassed PBS solution is passed using the peristaltic pump via FIA 
manifold until a constant baseline is achieved. SDZ standard solu- 
tions in the concentration range 10-200 ng/mL are prepared in 
carrier buffer and are injected into the FIA-EQCN system. 
The response signals are recorded using a data acquisition system 
connected to the resonator and is plotted as mass change versus 
concentration of SDZ. All the samples are injected in triplicate. A 
good linear response is obtained for SDZ binding in the range 
50-200 ng/mL. The linear fit data shows a good correlation 
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Fig. 6 Effect of antibody dilution on the response of FIA-EQCN biosensor for 
100 ng/mL SDZ. Carrier buffer—PBS (100 mM), pH 7.4, flow rate 0.5 mL/min 
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3.7 Cross-Reactivity 
of SDZ 


Mass Change (Am, ng) 
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Fig. 7 Calibration graph for analysis of SDZ in PBS and milk 


between immobilized pAb and SDZ [R° = 0.98 % RSD (n = 3) 
0.83] (see Note 8). Furthermore, the usefulness of the developed 
biosensor is also evaluated in the fresh pasteurized diluted milk 
samples by analyzing a 1:4 dilution of milk with PBS. Known 
concentrations of SDZ (10-200 ng/mL) are spiked in the diluted 
milk samples to construct a calibration graph (see Note 9). A good 
dynamic range is obtained from 10 to 200 ng/mL with a linear 
range 50-200 ng/mL. The correlation coefficient (R?) of the 
developed biosensor in the milk is found to be 0.98, with % RSD 
(n = 3) 0.80. The minimum limit of detection for SDZ in PBS and 
milk is found to be 10 ng/mL. Calibration of the biosensor in PBS 
and milk is presented as Fig. 7 whereas linear range of the biosensor 
in PBS and milk is presented as Fig. 8. 


Cross-reactivity studies are performed in PBS using standard solu- 
tions (100 ng/mL) of different sulfonamides. Most common sul- 
fonamides like sulfadiazine, acetyl-sulfadiazine, sulfathiazole, 
sulfamethazine, sulfaquinoxaline, and sulfamethoxazole are tested 
for cross-reactivity with sulfadiazine-specific pAb. Very high cross- 
reactivity is obtained for sulfadiazine and acetyl sulfadiazine, which 
are more structurally related to sulfadiazine, and are recognized by 
the antiserum with a cross-reactivity of 100 and 92 %, respectively. 
Sulfathiazole and sulfamethazine shows cross-reactivity of 1.2 and 
0.2 % respectively. Sulfaquinoxaline and sulfamethoxazole shows 
less than 0.1 % cross-reactivity. In addition to sulfonamides the 
aminoglycoside streptomycin (SRT, 100 ng/mL), which may be 
present in the milk samples, is also tested for cross-reactivity with 
SDZ [11]. No cross-reactivity is observed. Results are compiled 
and presented in Table 1. 
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Fig. 8 Linear fit data representation for SDZ analysis in PBS and milk 


Table 1 
% Cross-reactivity of sulfadiazine with other antibiotics 


Sulfonamides % cross-reactivity 
Sulfadiazine 100 
Acetyl-sulfadiazine 92 

Sulfathiazole 12 

Sulfamethazine 0.2 
Sulfaquinoxaline <0.1 
Sulfamethoxazole <0.1 
Aminoglycosides 

Streptomycin 0.00 


3.8 Recovery Studies The potential application of the developed FIA-EQCN system for 

from SDZ Spiked Milk — detection of SDZ in the milk is tested. All the milk samples are 

Samples initially assumed as SDZ free. Known amounts of the SDZ stan- 
dard solution are added to centrifuged, diluted, and filtered milk 
and are analyzed in the FIA-EQCN system. Based on the 
response signal, recoveries are calculated. Table 2 shows the 
recovery results obtained from milk samples. Recoveries in the 
range of 98.6-100.5 % are obtained. This ensures the potential 
application of the developed biosensor for SDZ analysis in the 
milk samples. 


4 Notes 
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Table 2 
Recovery studies of sulfadiazine from spiked milk samples 


SDZ added SDZ found (ng/mL) 


(ng/mL) mean (n = 3) Mean + S.D. % RSD % Recovery 
100 98.06 98.06 + 0.40 1.10 98.6 
100 99.02 99.02 +0.26 0.96 9972 
100 100.05 100.05 +0.10 0.21 100.5 


. EQCN-700 integrated with the FIA system from M/s 


Elchema, Potsdam, USA has been used for construction of 
the biosensor. The Voltascan 5 software of EQCN-700 has an 
in-built auto conversion factor to calculate mass change from 
frequency change. 


. SAM-coated gold quartz crystal should be used within a few 


days. Otherwise, it should be stored in a vacuum desiccator. 


. Quartz crystal coated with metals other than gold are also 


available and can be deployed based on the application. 


. Unless otherwise stated, all the solutions should be prepared in 


R.O. water that has a resistance higher than 18.2 MQ and a 
total organic content of less than 5 parts per billion. 


. In SAMs, activated -COOH groups are hydrolyzed and inacti- 


vated in the presence of water. Therefore, the sensor surface is 
washed with phosphate buffer after adding the activators such 
as EDC (1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide)/ 
N-Hydroxysuccinimide (NHS) (see Note 2). 


. Piranha solution reacts violently with many organic materials 


and should be handled with extreme care. 


. We have used a kind of antibody that is recommended for 


ELISA. Numerous competitive reagents are available from 
other commercial sources (or antibody mimics). 


. In FIA-EQCN biosensor, results are obtained as mass change 


resulting from the real time binding of SDZ to the pAb-SDZ 
immobilized via the SAMs on the quartz crystal. The back- 
ground value is exhibited from the interaction of the antibody 
coupled quartz crystal with the carrier buffer (PBS 100 mM, 
pH 7.4) at a flow rate of 0.1 mL/min. 


. Calibration of the FIA-EQCN biosensor is plotted after calcu- 


lating the mass change for each concentration of SDZ. 
Response may vary for repetitive experiments; however, the 
mass change value should be same for specific concentration. 
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Chapter 19 


Development of Novel Piezoelectric Biosensor Using PZT 
Ceramic Resonator for Detection of Cancer Markers 


Li Su, Chi-Chun Fong, Pik-Yuan Cheung, and Mengsu Yang 


Abstract 


A novel biosensor based on piezoelectric ceramic resonator was developed for direct detection of cancer 
markers in the study. For the first time, a commercially available PZT ceramic resonator with high resonance 
frequency was utilized as transducer for a piezoelectric biosensor. A dual ceramic resonators scheme was 
designed wherein two ceramic resonators were connected in parallel: one resonator was used as the sensing 
unit and the other as the control unit. This arrangement minimizes environmental influences including 
temperature fluctuation, while achieving the required frequency stability for biosensing applications. The 
detection of the cancer markers Prostate Specific Antigen (PSA) and a-Fetoprotein (AFP) was carried out 
through frequency change measurement. The device showed high sensitivity (0.25 ng/ml) and fast 
detection (within 30 min) with small samples (1 pl), which is compatible with the requirements of clinical 
measurements. The results also showed that the ceramic resonator-based piezoelectric biosensor platform 
could be utilized with different chemical interfaces, and had the potential to be further developed into 
biosensor arrays with different specificities for simultaneous detection of multiple analytes. 


Key words Piezoelectric, Ceramic resonator, Prostate specific antigen, a-fetoprotein 


1 Introduction 


Biosensors are analytical devices composed of a recognition ele- 
ment coupled to a physical transducer, which can be very useful for 
on-site analysis of biomarkers. Different types of transducers have 
been used for biosensor development including optical, electro- 
chemical, and piezoelectric transducers. The coupling of electrical 
and mechanical energy makes piezoelectric materials useful in a 
broad range of applications including energy conversion, sensors 
and actuators, and telecommunication | 1 |. There has been increas- 
ing interest in the use of piezoelectric devices as biosensors due to 
their attractiveness for applications in mass-sensitive detection and 
label-free analyses [2—4]. 

Piezoelectricity is derived from the Greek piezo or prezein, 
which means to squeeze or press. It is the coupling between a 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
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material’s mechanical and electrical behaviors in noncentrosym- 
metric crystals. When applying a stress, an electric polarization or 
charge will be induced in such a material, which can be recorded as 
a sensing signal. Various piezoelectric materials have been used in 
piezoelectric biosensors development such as piezoelectric nano- 
generators |5] and piezoelectric polymer diaphragms [6]. How- 
ever, the most conventional piezoelectric materials are quartz 
crystals and the synthetic polycrystalline ferroelectric ceramics 
such as lead titanate zirconate (PZT). Normally piezoelectric bio- 
sensors are mass sensitive detectors that use an oscillating piezo- 
electric resonator as the transducer. Coating the resonator with 
biological materials results in high selectivity for target molecules 
such as antibodies or enzymes [7 |. The sensing mechanism is based 
on mass changes due to reactions involving target molecules bound 
to the transducer surface. The signals are normally easily detectable 
by measuring the fundamental frequency variations of piezoelectric 
oscillators [8,9]. 

Quartz crystals are the most well-known piezoelectric materi- 
als. In 1959, Sauerbrey first described the dependence of the reso- 
nance frequency of a piezoelectric quartz crystal on the mass 
change due to surface deposition |10]. Quartz crystals have been 
widely used as the so-called quartz crystal microbalance (QCM) in 
surface science and industry. Biosensors based on quartz crystal 
transducers for the detection of DNA, proteins, viruses, bacteria, 
and toxins in living cells [11] have been developed and applied in 
food, biochemical, environmental and clinical analyses, as well as for 
detection of various hydrocarbons [12], pollutants |13, 14], and 
gas-phase analytes [15]. Numerous combinations of piezoelectric 
quartz crystal devices with immunological elements have been 
reported |13, 16-18]. However, as the sensitivity of piezoelectric 
biosensors depends on the oscillating frequency as well as the area 
and thickness of the material, there are technical difficulties in 
producing thinner, smaller quartz with higher frequency. These 
physical barriers place a limit on the application of quartz crystal 
biosensors with regard to sensitivity and cost. 

Synthetic polycrystalline ferroelectric ceramics such as PZT also 
represent piezoelectric materials with applications as conventional 
industrial electronic products. They have been used as the sub- 
strates of piezoelectric igniters, transducers, transformers, electric 
resonators, speakers, filters, and ultrasonic motors [19]. The tech- 
nology of manufacturing stable, high frequency (10-100 MHz 
range) ceramic material is mature and these materials are readily 
available. Investigations of PZT piezoelectric ceramics on surface 
acoustic wave (SAW) applications [20, 21], materials properties 
[22], and electrical characteristics [23] have been reported. Both 
resonant piezo-layers of screen printed PZT film [24] and bulk 
PZT in the form of discs with gold electrodes [25] have been 
utilized in mass sensor development. However, previously there 
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2 Materials 


2.1 Apparatus 


were very limited applications of piezoelectric ceramic materials, 
where the piezoelectric ceramic resonators employed had very low 
resonant frequency (less than 200 kHz) and narrow detection range 
(100-700 Hz) [25-27]. Ceramic resonators are easily mass pro- 
duced with low cost and have the advantages of mechanical rug- 
gedness, small size, ease of fabrication in complex shapes, and 
flexibility with higher resonance frequencies. Although the preci- 
sion of frequency control in ceramic resonators is reduced when 
compared to quartz crystal resonators, the above properties make 
them suitable for biosensor development. 

We have developed a piezoelectric biosensor platform for label- 
free, cost-effective, and direct detection of biomarkers such as 
prostate specific antigen (PSA), a-fetoprotein (AFP), and endo- 
crine disrupting chemicals (EDCs) by using commercially available 
PZT ceramic resonators |7, 28]. The sensing mechanism is also 
based on direct absolute mass resonance sensing. This biosensor 
platform may be further multiplexed to incorporate miniaturized 
sensor arrays with different specific antibodies for detection of 
multiple analytes in parallel. 

This investigation involves four major steps: (1) theoretical 
property study of piezoelectric ceramic resonators, (2) material 
investigation and optimization of piezoelectric ceramic resonators, 
(3) parallel-connected (dual) ceramic resonators scheme design, 
and (4) biosensor development based on a dual resonator chip. 
Different surface chemistry methods for immobilization of anti- 
body onto sensor surfaces were investigated and different inter- 
faces, including protein A and nafion for antibody immobilization, 
were successfully developed. Detection of selected cancer biomar- 
kers such as prostate specific antigen (PSA) and a-fetoprotein 
(AFP) were carried out to evaluate the performance of the biosen- 
sor, which showed high sensitivity (0.25 ng/ml) and fast detection 
(within 30 min). 


1. Gold-plated ceramic resonators with different frequencies (40, 
50, and 70 MHz) were obtained from Murata Manufacturing 
Co., Ltd. (Japan). The ceramic wafer had gold plated electro- 
des on both sides and the dimension of the ceramic wafer is 
2mm x 1.6mm x 0.55 mm. The PZT has a formula of Pba- 
aMea[(MII1/3MV(2 + 0)/3)zTixZrl - x- z]O3, wherein Me 
represents a metal element; MII represents an acceptor element 
of a divalent metal element; MV represents a donor element of 
a pentavalent metal element; and z, J, x, a, and a satisfy 
0.05 < z < 0.40, 0 < b2/3 < 0.035, 0.345 < x < 0.480, 
0.965 < a < 1.02, and 0< a <0.05 (parameters from the 
manufacturer). 
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2.2 Reagents 


3 Methods 


3.1 Theoretical 
Property Study of 
Piezoelectric Ceramic 
Resonators 


2. Frequency detection equipment: Impedance Analyzer (IA) 
from Hewlett Packard (4195A) with a detection range of 
10 Hz-500 MHz (see Note 1). 


3. A plasma cleaner (model: PDC-3xG) was from HARRICK for 


ceramic surface cleaning. 


1. Protein A was obtained from Sigma Chemical Co. (St Louis, 
MO) (see Note 2). 


2. Bovine serum albumin (BSA) was purchased from Bio-Rad 
Laboratories (Rockville Center, NY). 


3. AFP antigen, PSA, and human CRP were obtained from Cal- 
biochem (La Jolla, CA) (see Note 3). 


4. AFP antibody and PSA antibody were from GeneTex, Inc. (San 
Antonio, Texas) (see Note 3). 


5. Nafion (perfluorinated ion-exchange resin, 5 %, w/v solution) 
was obtained from Aldrich. 


6. The potassium phosphate /sodium phosphate were from Sigma 
for preparation of phosphate buffered saline (PBS, 50 mM, 
pH 7.4). 


The theoretical mass sensitivity of the ceramic resonator was calcu- 
lated and compared to quartz crystal. Since the most commonly 
used piezoelectric biosensors were based on 5-10 MHz quartz 
crystal resonators, a 10 MHz quartz crystal (QC) resonator was 
selected to compare with the 40 MHz ceramic resonator used in 
this study. 
The resonance frequency is related to thickness of the ceramic 
wafer: 
f=>-4N a) 
m 
Where f (Hz) is the fundamental resonance frequency, N 
(cm Hz) is the frequency constant, tis the wafer thickness (cm), p 
(g cm *) is the density, and m (g cm~”) is the area density of mass. 


Assuming the deposited mass Am (g) is evenly distributed on 
the wafer surface and the frequency will change accordingly: 


pN 
Ll a ie Raga (2) 


Substituting Eqs. l into 2 leads to: 


2 
Am/A 
a. sy ward a 


m 


Af = 
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Table 1 





When Am << m, and 44 x 0, Eq. 3 yields 


m 


f2 Am f? 
Af = --~ x — = — A 4 
f DN A ANp á (4) 





As for ceramic resonators, the density (p) and frequency con- 
stant (N) are 7.54 g/cm? and 7.85 x 10° cm Hz respectively 
(parameters from the manufacturer). By substituting these values 
into Eq. 4, the sensitivity calculation equation for the ceramic 
resonators should be: 


Af = —1.69 x 10°’xf? x a (5) 


The sensing surface area (A) of the 40 MHz ceramic resonator 
used in this study is 0.39 mm’. Therefore, the sensitivity of this 
material is 69.3 Hz/ng. The theoretical calculations for quartz 
crystal are based on the Sauerbrey equation |10 ] and the sensitivity 
calculation of 10 MHz QC with 50.2 mm” electrode area [29] is 
0.45 Hz/ng. This indicates that ceramic resonators with higher 
resonance frequency and smaller size may give higher sensitivity. 
On the other hand, ceramic resonators are more sensitive to tem- 
perature, humidity, and other environmental influences, resulting 
in higher background noise than that for quartz crystal resonators. 


Table 1 presents a detailed comparison between 10 MHz 
quartz crystal resonators and 40 MHz piezoelectric ceramic reso- 
nators, including vibration mode, temperature coefficient, cost, 
and size. Firstly, ceramic resonators, which are usually operated 
under thickness extension mode, exhibit much higher oscillation 
frequency (1-100 MHz) than quartz crystal resonators, which are 
often operated under thickness shear mode (1-10 MHz) [7]. 
Secondly, thermal stability is a key parameter required for commer- 
cial applications. The temperature coefficient of a piezoelectric 
resonator is dependent on material properties as well as the 


Comparison of ceramic resonators with quartz crystal resonators 


Oscillation 
frequency 
Name (MHz) 
Ceramic 40 
resonator 
Quartz 10 
crystal 


Wafer Long- 
Vibration Temperature Price area / Electrode term 
mode coefficient /$USD mm? area/mm? stability 
Thickness T07 C ~0.5 32 0.37 Excellent 
extension 
(TE) 
Thickness 0s? /7@ ~10 153.8 50.2 Excellent 


shear (TS) 
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3.2 Material 
Investigation and 
Optimization of 
Piezoelectric Ceramic 
Resonators 





dimension and vibration mode of the resonator [30]. Since PZT isa 
polycrystalline material but quartz is a crystalline material, the 
temperature coefficient of ceramic resonators is much greater than 
quartz crystal resonators, which indicates that ceramic resonators 
are more sensitive to temperature fluctuations and have a less stable 
resonant frequency. Changing the composition of a piezoelectric 
ceramic may improve the thermal stability [31, 32]. Moreover, it is 
easier to produce thinner and smaller ceramic resonators which are 
much lower cost than quartz resonators. 


Since there has been limited research on piezoelectric ceramic 
biosensor development, properties of ceramic resonators need to 
be evaluated thoroughly first. Commercially available high fre- 
quency ceramic resonators (40, 50, 70 MHz) were tested by con- 
necting them to an Impedance Analyzer as shown in Fig. 1. The 
piezoelectric ceramic resonator chip comprises a “sandwich” struc- 
ture composed of a ceramic wafer interposed between two layers of 
gold electrode (Fig. la). The gold electrodes are used to connect 
the ceramic wafer with an external oscillation circuit or an impen- 
dence analyzer, which causes the ceramic resonator to vibrate under 
resonance frequency. The gold surface serves as a support for 
immobilization of antibodies or other biomaterials for biosensor 
development. 


1. Stability of PZT ceramic resonators with different frequencies 
(40, 50, and 70 MHz) were evaluated first within 30 min at 
25.0 °C as shown in Fig. 2a. It was shown that the 40 MHz 
ceramic resonators generate about a 3.75 ppm frequency shift, 
which is smaller than those of 50 MHz (5 ppm) and 70 MHz 
(5.7 ppm) ceramic resonators. This indicates that the 40 MHz 


Ceramic 








Fig. 1 (a) Schematic layout of the ceramic resonator and the measurement system; (b) Photo of a 40 MHz 


ceramic resonator 
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AF / ppm 





T / min T / min 


Fig. 2 (a) Stability evaluation of ceramic resonators at different resonance frequencies within 30 min at 
25.0 °C (filled circle for 70 MHz resonator; filled triangle for 50 MHz resonator and filled square for 40 MHz 
resonator): percentage of frequency shift; (b) Frequency shift (filled circle) of a 40 MHz ceramic resonator with 
environmental temperature fluctuation between 20 and 22 °C (open circle) 


ceramic resonators are more stable than 50 and 70 MHz ones, 
and should be the preferred choice for biosensor development. 


2. The stability of the 40 MHz ceramic resonators was further 
studied under different temperature conditions. The frequency 
change of a 40 MHz ceramic resonator was measured for 
60 min while the ambient temperature was raised from 20 to 
~22 °C. A shielding metal box was placed outside the resonator 
to eliminate other possible environment influences such as 
radio waves. As shown in Fig. 2b, the frequency change paral- 
leled the room temperature change with a time delay (~2 min) 
due to delayed heat transfer through the surrounding metal 
box. A large frequency shift (~450 Hz/°C) was detected which 
corresponds to a temperature coefficient of 107° Hz/°C. 


3.3 Parallel- Due to large frequency shifts induced by environmental influences, 
Connected (Dual) a (dual) resonator using a parallel connection scheme was devel- 
Ceramic Resonators oped to compensate for the shifts, as shown in Fig. 3. In the dual 
Scheme Design design scheme, two 40 MHz ceramic resonators (the so-called two 


channels) were connected in parallel to an Impedance Analyzer and 
placed in a shielding metal box for frequency measurement. As the 
two resonators are under the same environment, one of them can 
serve as reference and the other one for sample measurement to 
reduce environmental interferences. One of the problems encoun- 
tered for this design was how to avoid the interference between the 
parallely connected resonators due to their close proximity. High 
frequency resonators at the same frequency level (e.g., 40 MHz 
piezoelectric ceramic resonators used in this study) may have cross 
talk between each other when they are oscillating at the same time. 
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(@) Channel1 Channel 2 





Impendence 
Analyzer 





Fig. 3 (a) Schematic layout of dual ceramic resonators and the measurement system (/eff) and photo of a 
ceramic resonator (righ; (b) Dimensions of the electrode leads and connections on the printed circuit board 
for dual ceramic resonators 


As shown in Fig. 4, ceramic resonators with resonance frequencies 
that are close in value (e.g., AF = 30 kHz) are subject to large 
interference, resulting in a large effect on the frequency reading. By 
increasing AF the interference will be reduced or even eliminated. 
We have tested resonator pairs with various AF values in order to 
identify a desirable threshold. As indicated in Fig. 5, when the 
resonance frequency difference between the resonators was greater 
than ~100 kHz, the interference between the resonators could be 
eliminated. Thus a minimum resonance frequency difference (AF) 
of 100 kHz was adopted in the following biosensor development. 

The feasibility of using this parallel-connected resonator design 
to compensate for the large frequency change induced by environ- 
mental influences was tested. Two resonators were connected in 
parallel and their frequency readings were simultaneously recorded 
for 30 min. The environmental temperature shifted about 1° dur- 
ing this period. 

As shown in Fig. 5, the frequencies of both individual resona- 
tors were changed and the shift trends are similar. For line 1 this 
frequency is ~450 Hz and for line 2 ~400 Hz. The frequency shift 
difference AF is only about 130 Hz (line 3). These results indicate 
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AF =30KHz = a F, 13.2 KHz 
= - F, ¥3.2 KHz 
AF = 60 KHz £ £ F, 40.1 KHz 
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AF = 100 KHz ~ , z F, No change 
“A ~ F, No change 
F, F, F F, F, F 


Fig. 4 Frequency (A in kHz and conductance (G) in m s (m sigma) change before and after parallel connection 
of two ceramic resonators with different resonance frequencies were recorded at 25 °C 
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Fig. 5 Frequency shift AF of two parallel connected 40 MHz resonators (/ine 7 and line 2 and frequency shift 
difference between these two resonators (/ine 3) within 30 min when the environmental temperature shifts 


about 1 °C (from 25 to 26 °C) 


286 Li Su et al. 


3.4 Biosensor 
Development Based on 
Dual Resonator Chip 


3.4.1 Protein A Method 


that parallel connection of the resonators can reduce the frequency 
shift under ambient conditions. The experiment was repeated sev- 
eral times on different pairs of parallelly connected resonators and 
the frequency difference shifts are all below 150 Hz. Thus the 
parallel connection design of the ceramic resonators was adopted 
in developing the biosensor, and the noise level was set to 150 Hz 
for purposes of sample analysis. 


Antibody immobilization is a vital step in a successful development 
of piezoelectric biosensors. An effective and easy-to-use biosensor 
platform should accommodate varied chemical protocols and work 
with a variety of biological applications. For example, specific chem- 
ical interfaces should be selectable for detection of different bio- 
markers. In this chapter we choose to evaluate immobilization 
using Protein A and nafion. 


Protein A was used as a linker for antibody immobilization because 
it can form a strong complex (K, = 10° 1/mol) with a gold 
electrode surface by physical adsorption due to its affinity toward 
the Fc region of the IgG molecule [33]. As shown in Fig. 3, there 
are two channels (ceramic resonators) per sensor chip. The 
operating steps are as follows: 


1. Ceramic surfaces were cleaned by using a plasma cleaner for 
5 min at 400 MV with 400 ml oxygen or Ar gas. 


2. Protein A was then used as a linker group to modify the 
resonator surface. 1 pl of a 2 mg/ml protein A solution was 
spread onto the cleaned gold surface and incubated for 24 h. 


3. After incubation the gold surface was washed with deionized 
water and dried under N2, prior to antibody immobilization 
(see Note 4). 


4. After Protein A incubation, one channel was immobilized with 
PSA antibody, while PBS buffer was applied instead of antibody 
solution on the other channel as reference: 1 pl of antibody 
solution (1 mg/ml), PSA antibody was added to the modified 
ceramic resonator surface and incubated for 1 h at room tem- 
perature, followed by incubation with 3 % BSA for 2 h to block 
nonspecific binding sites. After washing and drying, the bio- 
sensor was ready for antigen detection (see Note 5). 


5. PSA antigens at different concentrations (0.25, 2.5, 25, 
2.5 x 107, 2.5 x 10° ng/ml) were added to both channels in 
series and incubated for 1 h. 


6. The detection signal was recorded as frequency change using 
an Impedance Analyzer (IA) after applying antigen solution, 
and plotted against the log concentration of antigen as shown 
in Fig. 6 (see Note 6). 
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3.4.2 Nafion Method 


AF / Hz 
D 
= 


-1 0 1 2 3 4 


log C 
(C is the concentration of PSA; unit is ng/ml) 


Fig. 6 Frequency changes against the log concentration of the PSA. PSA 
detection plot (filled circle) vs. PBS control plot (open circle). The 
concentrations of PSA solutions are 0.025, 0.25, 2.5, 25, 25 x 10°, 
2.5 x 10° ng/ml 


As shown in Fig. 6, the antibody-antigen interaction led to 
specific frequency shifts as compared to the PBS control. Moreover, 
the biosensor exhibits a high sensitivity, with a PSA detection range 
from 2.5 ng/ml to 2.5 x 10° ng/ml, with saturation at 
2.5 x 10° ng/ml. This sensitivity is comparable to that required 
for clinical measurement; PSA levels are normally below 4 ng/ml 
with a threshold level of 10 ng/ml [34]. These results demonstrate 
that the piezoelectric ceramic resonator biosensor is an effective 
transducer of for sensitive detection of biomarkers. 


Nafion is a sulfonated tetrafluoroethylene based fluoropolymer. It is 
ionomers formed by synthetic polymers with ionic properties. It is 
hydrophilic, nonelectroactive and chemically inert, possessing 
almost ideal characteristics for modification of electrodes [16]. 
The thickness of nafion film is an important element that influences 
the performance of the immunoassay. Previous investigations have 
shown that a 1 % nafion coating solution was optimal for prepara- 
tion of nafion-modified electrodes [9, 16, 35, 36]. Hence this 
concentration was adopted in our study. The operating steps are 
the following: 


1. Ceramic surfaces were cleaned using a plasma cleaner for 5 min 
at 400 MV with 400 ml oxygen or Ar gas. 


2. 1 % Nafion coating solution was prepared by diluting the 5 % 
Nafion stock solution in 10 % ethanol (v/v) in DDW. 


3. 0.5 ul of 1 % Nafion coating solution was spread onto the 
cleaned gold electrode surface and dried at room temperature. 


4. The gold surface was washed by deionized water and dried 
under N>. 
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Table 2 


The frequency changes of the binding of PSA (2 ng/ml) to PSA antibody-immobilized resonator 
(detection channel) or control channel (without PSA antibody) at 4 min and 1 h were compared 


PSA detection channel 
2 ng/ml PSA 4 min 
2 ng/ml PSA 1 h 


Total signal 


AF (Hz) PBS control channel AF (Hz) 
—500 2 ng/ml PSA 4 min 40 
—300 2 ng/ml PSA 1 h —160 
—800 Total signal —120 


5. 1 pl of 1 mg/ml antibody solution, AFP antibody or PSA 
antibody (PBS buffer was applied to the reference) was added 
onto the modified ceramic resonator surface and incubated for 
1 h at room temperature, followed by incubation with 3 % BSA 
for 2 h to block nonspecific binding sites. After washing and 
drying the biosensor was ready for antigen detection (see Note 
5). 

6. 1 pl of AFP or PSA (in PBS) solution at different concentra- 
tions were spread onto the biosensor surface and incubated for 
l h to allow antibody-antigen interaction. After incubation, 


the surface was washed by deionized water and dried under N2 
(see Note 5). 


7. The frequency change was detected before and after applying 
antigen by IA (see Note 6). 


In the control test, one channel was immobilized with PSA 
antibody, while the other acted as a control to evaluate the nonspe- 
cific binding. As shown in Table 2, when 1 pl of 2 ng/ml PSA 
solution was added to both channels and incubated for 1 h, the 
antigen binding to the antibody-immobilized resonator (the detec- 
tion channel) caused a frequency drop of —800 Hz, which was 
much larger than that of the control channel (—160 Hz). Even 
during the first 4 min, there was a binding signal on the detection 
channel (AF = —500 Hz), while the reference channel resulted in a 
40 Hz frequency drop. Therefore, the detection time could be 
shortened based on the binding kinetics. 

The feasibility of detecting two cancers markers by the dual 
resonator biosensor was also tested by immobilizing two different 
antibodies on the two channels respectively as shown in Fig. 7. The 
AFP marker and its antibody were included here. During the test, 
one channel was immobilized with PSA antibody and the other 
channel was immobilized with AFP antibody. As shown in Fig. 8, 
there was a specific binding signal with a frequency drop of 
—1400 Hz on the PSA antibody immobilized channel when apply- 
ing | pl of 10 ng/ml PSA solution to both channels, while the AFP 
immobilized channel only resulted in a 120 Hz frequency decrease, 
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Nafion interface 


Ceramic Resonator 


Fig. 7 Illustration of PSA antibody and AFP antibody immobilization on the two channels of ceramic resonators 
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Fig. 8 Specific antigen binding evaluation on PSA and AFP detection channels, where the PSA and AFP 
solutions are 10 ng/ml and 1 pg/ml respectively 


4 Notes 


which was within the noise level threshold. In contrast, when 
applying AFP antigen solution the AFP detection channel gave a 
much stronger signal than the PSA channel. Similarly, when 1 pl of 
1 pg/ml AFP solution was added to both channels the AFP channel 
recorded a —1270 Hz frequency shift while the PSA channel 
recorded a —94 Hz shift, indicating the specificity of the biosensor. 

It was demonstrated that two different antibodies could be 
successfully immobilized onto the ceramic surface and the specific 
antigen could be detected accordingly. By simply adding one refer- 
ence (control) chemical, the sensor system could detect two bio- 
markers in parallel. In principal array ceramic resonator biosensor 
chips can be used to detect many other biomarkers. 


1. An external oscillation circuit can be used instead of an imped- 
ance analyzer. 


2. All chemicals used were of analytical grade unless otherwise 
stated. 


3. Two kinds of “antibody-antigen” pairs were used in this study, 
whereas numerous other reagents are available from other 


4. Deionized water (resistivity >18 MQ cm) was used throughout 


5. The modified resonators could be stored in a refrigerator for a 
few days, but need to be brought to room temperature before 


6. The frequency signals at every on-chip reaction step must be 
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commercial sources. 
the experiments. 
carrying out the next step. 
monitored. 
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Finger-Powered Electro-Digital-Microfluidics 


Cheng Peng and Y. Sungtaek Ju 


Abstract 


Portable microfluidic devices are promising for point-of-care (POC) diagnosis and bio- and environmental 
surveillance in resource-constrained or non-laboratory environments. Lateral-flow devices, some built off 
paper or strings, have been widely developed but the fixed layouts of their underlying wicking/micro- 
channel structures limit their flexibility and present challenges in implementing multistep reactions. Digital 
microfluidics can circumvent these difficulties by addressing discrete droplets individually. Existing 
approaches to digital microfluidics, however, often require bulky power supplies/batteries and high 
voltage circuits. We present a scheme to drive digital microfluidic devices by converting mechanical energy 
of human fingers to electrical energy using an array of piezoelectric elements. We describe the integration 
our scheme into two promising digital microfluidics platforms: one based on the electro-wetting-on- 
dielectric (EWOD) phenomenon and the other on the electrophoretic control of droplet (EPD). Basic 
operations of droplet manipulations, such as droplet transport, merging and splitting, are demonstrated 
using the finger-powered digital-microfluidics. 


Key words Finger-powered microfluidics, Portable microfluidics, Electrowetting-on-dielectric 
(EWOD), Electrophoretic control of droplet (EPD), Piezoelectric energy conversion 


1 Introduction 


Microfluidics offers advantages of low-sample volume requirements 
and rapid analyses when compared with conventional biomedical 
and environmental diagnostic technologies. In particular, micro- 
fluidic devices that do not require bulky peripheral hardware, such 
as pumps and external batteries/power supplies, are highly desir- 
able for portable applications outside traditional laboratory 
contexts. 

Paper-based microfluidic devices that exploit capillary wicking 
attracted a lot of attention lately due to their perceived advantages 
of low cost, light weight, and disposability |1, 2]. But the fixed 
layouts of these continuous microfluidics limit their scalability and 
flexibility, making it difficult to adapt them on the fly to different 
analytic protocols. Digital microfluidics (DMEF) see Digital 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
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microfluidics (DMF) is a promising alternative architecture where 
discrete droplets, suspended in an “inert” immiscible fluid, are 
controlled individually to carry out necessary functions. It does 
not require fixed networks of microchannels, pumps, valves, or 
mechanical mixers and, therefore, is flexible and easy to reconfigure 
when compared with conventional fixed microchannel-based 
microfluidics. 

Different actuation mechanisms have been investigated for 
transporting individual droplets or particles, including electro- 
hydrodynamic forces; surface acoustic waves; thermo-capillarity; 
magnetic forces; and opto-electrowetting [3, 4]. However, most 
of them are not well-suited for the portable DME applications 
because they need excessively high bias voltages; auxiliary instru- 
mentation (e.g., frequency generators, light sources) that require 
separate power sources. Others impose limitations on applicable 
samples, such as suspensions of magnetic particles, insensitivity to 
heating or temperature gradients, low vapor pressure, and so on. 
Low-voltage (below 100 ~ 200 V) actuation of millimeter scale 
droplets, which is necessary for human-powered digital microflui- 
dics, remains a technical challenge. 

We report finger-powered DME based on the electrowetting- 
on-dielectric (EWOD) phenomenon and the electrophoretic con- 
trol of droplet (EPD), where we employ an array of commercially 
available piezoelectric elements (DT series, 13 x 25 mm’, Mea- 
surement Specialist Inc., Hampton, VA, USA) to convert mechani- 
cal energy pulses provided by human fingers to voltage pulses and 
thereby directly power DMF devices. We choose the EWOD and 
EPD actuation mechanisms as they require moderate actuation 
voltages and can be applied to a wide range of physiological fluids 
of relevance to biomedical application [5]. 


Electro-digital microfluidics device 
* EWOD or EPD 





e, 
. Electrode pairs for 
l droplet actuation 


Fig. 1 Schematic of finger-powered DMF where mechanical to electric energy 
conversion is used to actuate discrete droplets through EWOD or EPD; the 
different colors of the droplets are meant to illustrate solutions containing 
different chemicals (analytes) 
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Prediction 
= Experimental data 


Output Voltage Amplitude (V) 





0 30 60 90 120 150 180 
Tip Bending Angle Qin (Degree) 


Fig. 2 Output voltage of one element as a function of the bending angle 


Figure 1 shows the schematic of a fluid chamber and control 
electrodes, which are electrically connected to an array of piezoelec- 
tric elements (through red lines). The blue lines indicate connec- 
tions to the electrical ground. The output voltage of each 
piezoelectric element is a function of the bending angle. The results 
obtained for a piezoelectric element with one particular type and 
size |6] are shown in Fig. 2. 

In the remaining manuscript, we will present (1) fabrication 
and assembly of DMF devices based on either EWOD or EPD See 
Electrophoretic control of droplet (EPD); (2) characterization of 
piezoelectric elements and their integration with DMF devices; and 
(3) demonstration of droplet manipulation by finger-actuation. 
Basic droplet operations, such as transport, merging and splitting, 
together with early implementation of biochemical reactions rele- 
vant for bio-assays are demonstrated. Specifically, we conducted a 
simple enzymatic assay to detect an alkaline phosphatase (ALP) 
conjugated antibody on a finger-powered EWOD device qualita- 
tively. The colorimetric reactions use soluble 5-bromo-4-chloro-3- 
indolyl phosphate (BCIP) and nitroblue tetrazolium (NBT) as 
substrates to produce purple/blue precipitates. We choose this 
reaction as it is representative of the last step of common antigen 
detection schemes, where an anchored antigen binds with conju- 
gated antibodies and causes a color change |7, 8]. The main steps 
involved are: 

BCIP + ALP — bromochloro indoxyl. 

bromochloro indoxyl + NBT — Indigo dye (purple) + Difor- 
mazan (blue). 
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2 Materials 


2.1 EWOD Device 
Fabrication and 
Demonstration 


ll. 


2; 


. Piranha cleaning solution: a mixture of concentrated sulfuric 


acid H,SO,4 (Catalog No. 320501, Sigma-Aldrich, Inc., St. 
Louis, MO) and 30% hydrogen peroxide H20% (Catalog 
No. H1009, Sigma-Aldrich, Inc., St. Louis, MO) at 4:1 


(v/v). 


. Cleaning solvents, including acetone (Catalog No. 320110, 


Sigma-Aldrich, Inc., St. Louis, MO), methanol (Catalog No. 
322415, Sigma-Aldrich, Inc., St. Louis, MO), and isopropa- 
nol (Catalog No. 190764, Sigma-Aldrich, Inc., St. Louis, 
MO). 


. AZ5214 photoresist and AZ400K photoresist developer (AZ 


Electronic Materials Inc., Branchburg, NJ) to photolitho- 
graphically pattern EWOD electrodes. The developer is 
prepared by mixing one part of AZ 400 K and four parts of 
deionized (DI) water. 


. Au etchant (TFA, Transene Company, Danvers, MA) is diluted 


with DI water at 1:4 (v/v). 


. Cr etchant (CR-7S, Cyantek Corp., Fremont, CA) to etch Cr 


layers. 


. Teflon® AF 1600 (Chemours Company, Wilmington, DE) is 


dissolved in Fluorinert™ FC-40 (Catalog No. F9755, Sigma- 
Aldrich) at 2% (wt/wt) to prepare hydrophobic coatings. 


. Polyimide film tape (Catalog No. 5413) from 3 M (Saint Paul, 


MN) as masking layers for hydrophobic layer coatings and as 
spacers between the top and bottom EWOD plates. 


. Enameled copper wires (MW-35-C, AWG, Magnet Wire Co., 


Fort Wayne, IN) for electrical connections. 


. Two-component conductive silver paste (H-22, EPO-TEK). 
10. 


Anti-rabbit IgG alkaline phosphatase antibody (whole mole- 
cule, Catalog No. A9919, Sigma-Aldrich, Inc., St. Louis, MO) 
is dissolved in water at ~13 ng/mL. 


One SIGMAFAST™ BCIP®/NBT tablet (Catalog No. 
B5655, Sigma-Aldrich, Inc., St. Louis, MO) is dissolved in 
10 mL of water to prepare an enzyme substrate (BCIP/ 
NBT) solution as instructed. The resulting concentrations 
were: BCIP: 0.15 mg mL~', NBT: 0.3 mg mL`}, Tris Buffer: 
100 mM, and MgCl: 5 mM. 


A SiN, film of thickness approximately 1 um is deposited using 
a Plasmatherm 790 reactor (Plasma-Therm, Saint Petersburg, 
FL, USA). 


13. 


14. 


2.2 EPD Device l: 


Fabrication and 
Demonstration 


10. 


2.3 Piezoelectric l. 


Elements 
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Photolithography is performed using a Karl Suss Aligner 
(Model MA6) produced by SUSS MicroTec Group (Garching, 
Germany). 


Headway Spinner and its PWM32 control unit (Garland, 
Texas, USA) is used for spin coating of the photoresist and 
hydrophobic layers. 


Dispensable needle blunts (Gauge = 21TW, Vita Needle Com- 
pany, Needham, MA) with the stainless steel cannulas to serve 
as EPD electrode sheaths. The dimensions of the cannula are: 
OD = 0.032 in. ID = 0.023 in. and length = 0.5 in. 


. Enameled copper wires of diameter 0.18 mm (MW-35-C, 


AWG, Magnet Wire Co., Fort Wayne, IN) as EPD electrodes. 


. Plastic adhesive (DP8005, 3 M™) to affix electrodes and 


sheaths onto the fluidic chamber. 


. Microscope slides (3” x 1” x 1.0 mm, Fisherbrand™, Pitts- 


burgh, PA). 


. The silicone molding material is prepared by mixing two parts 


in the SYLGARD® 184 silicone elastomer kit (Dow Corning, 
Midland, MI) at 10:1 as instructed (see Note 1). 


. Fluorinert™ FC-40 (Catalog No. F9755, Sigma-Aldrich) as 


one of the dielectric fluids. 


. Silicone oil (Catalog No. 317667, Sigma-Aldrich, Inc., St. 


Louis, MO) of viscosity 5cSt (25 °C) as the second dielectric 
fluid. 


. Mordant Blue 9 (Catalog No. 195219, Sigma-Aldrich, Inc., St. 


Louis, MO) is dissolved in water at 2% wt/wt for a colored 
solution. 


. Plastic pipettes (Fisherbrand™, Pittsburgh, PA) to transfer 


dielectric liquids. 

Micropipettes (0.1-2.5 pL, and 1-10 pL, Eppendorf, Haup- 
pauge, NY) to generate aqueous water droplets for EWOD and 
EPD demonstration. 


Piezoelectric elements (DT series, Measurement Specialist 
Inc., Hampton, VA) of size 13 x 25 mm” are used to 
convert mechanical energy input by human fingers into volt- 
age pulses. Each piezoelectric element consists of a PVDF 
(polyvinylidene fluoride) layer of thickness 28 um laminated 
on a polyester layer of thickness 125 um as shown schema- 
tically in Fig. 3. 
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3 Methods 


3.1 EWOD Device 
Overview 


3.2 Fabrication of 
EWOD Device 


125 um polyester layer 
28 um PVDF layer 
meee Silver ink electrodes 


Fig. 3 Cross section of a laminated piezoelectric element to convert mechanical 
energy into electrical energy 


Figure 4 shows the cross section of the assembled EWOD device 
with a single droplet being actuated. The device consists of two 
parallel glass plates. The bottom plate contains an array of 1x] mm? 
gold electrodes, which are separated by a small gap of approxi- 
mately 20 um from each other. The electrode array is coated with 
a thin dielectric layer, such as a vacuum deposited SiN, film of 
thickness approximately 1 um. The top glass plate is pre-coated 
with a thin film of a transparent conductive material, such as indium 
tin oxide (ITO), to serve as a counter electrode. Thin layers 
(~100 nm) of a hydrophobic material, such as Teflon® AF, are 
applied on both the counter-electrode layer on the top plate and 
the SiN, passivation layer on the bottom plate, to render them 
hydrophobic. Dielectric spacers (for example, polyimide layers of 
approximately 100 um in thickness) are used to define the gap 
between the top and bottom glass plates. 

We note in passing that all the geometric dimensions and film 
thicknesses cited in the chapter are for reference purpose only. One 
may tailor these dimensions when using different processing equip- 
ment or conditions and when designing for specific applications. 

Figure 5 shows the overview of the assembled EWOD device 
including a top cover glass acting as the counter electrode and a 
bottom plate with actuation electrodes, dielectric layer and electric 
contact pads. The two plates are separated by spacers at the corners. 

Figure 6 shows a typical assembled EWOD device. The EWOD 
electrodes on the bottom plate are connected individually to larger 
electrical contact pads to facilitate soldering or other wired connec- 
tions to piezoelectric elements. A silver paste is used to make an 
electrical connection between the counter electrode on the top 
plate to the ground. 


1. Substrate cleaning: The glass plates are cleaned in a piranha 
cleaning solution for 30 s. 


2. Metal layer deposition: A 20 nm Cr/100 nm Au layer is depos- 
ited on one of the cleaned plates by vacuum evaporation (CHA 
Mark 40, 3 A/s). 
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Top cover glass with 
ground electrode 





Bottom substrate 


with dielectric layer 
== Cr (20 nm) /Au(100 nm) (control 


electrodes) 
esses (TO layer 
=— SiNx (~ 1 um) 
==" Teflon® 


Fig. 4 Cross section of the assembled EWOD device, illustrating the top plate 


with the transparent conductive ITO layer and the bottom plate with the metal 
electrode array 





Bottom plate 


Top counter electrode 


Fig. 5 Overview of the assembled EWOD device consisting of the top plate 
(counter electrode) and the bottom plate (electrode array) 






eae silver paste 


Top plate 

(counter electrode) 
Tony 

Bottom plate 


(patterned electrodes) 


Fig. 6 Top view of an assembled electrowetting-on-dielectric (EWOD) micro- 
fluidic device and an enlarged view of the bottom EWOD electrode array. The 
total dimension of the device is approximately 6 x 2.5 cm? 
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3. Photoresist layer coating and exposure: The plate coated with 


the metal layer is cleaned using acetone, methanol and isopro- 
panol in order and rinsed in DI water. The metalized surface of 
the plate is then spin coated with a photoresist layer (AZ5214). 
A two-step spin coating process (500 rpm for 5 s followed by 
3000 rpm for 30 s) may be used to achieve a thin uniform 
photoresist layer. The plate is soft baked on a hot plate at 
100 °C for 90 seconds. The photoresist layer is next exposed 
at 8.0 mW/cm? for approximately 8 s using a Karl Suss Aligner 
(Model MA6). Other photoresists and photoresist exposure 
tools may also be used but with suitably modified spin coating, 
soft baking, and exposure parameters. 


. Photoresist development: The exposed photoresist layer is 


developed using the photoresist developer for ~40 s. A micro- 
scope (Nikon TV Lens C-0.45x) is used to check photoresist 
development. Sharp lines defining the electrodes should be 
seen if the photoresist is properly developed, as illustrated in 
Fig. 7. 


. Metal layer etching: A diluted gold etchant is used to etch the 


Au layer for ~150 s. The plate is next immersed in a Cr etchant 
for approximately 30 s. (see Note 2). The resulted EWOD 
electrode pattern (including the gap) is shown in the micro- 
scope image in Fig. 8. 


. Dielectric layer deposition: The plate is cleaned again in a 


piranha solution for 30 s. A SiN, layer of thickness approxi- 
mately 1 um is deposited using plasma-enhanced chemical 
vapor deposition (PECVD) using a Plasmatherm 790 reactor 
(see Notes 3 and 4). After the substrate is loaded, the reactor 
chamber is evacuated and gradually heated to ~260 °C. The 





Fig. 7 Microscopic image showing the sharp line defining the EWOD electrode 
pattern after proper photoresist development 
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100 pm 


Fig. 8 Microscope image of the EWOD electrode after metal layer etching 





ad Mask for contact 


OT TTT x” pads 


Fig. 9 A shadow mask used to define an exposed area for the contact pads 
during the dielectric layer deposition 





chamber pressure is then set to 900 mTorr by controlling 
reactant gas flow rates (SiH4 at 5.4 sccm (cmł/min), NH3 at 
3.00 sccm, N3 at 100 sccm, and He at 400 sccm, respectively, in 
our particular chamber). The deposition rate is estimated to be 
approximately 0.1 m/min. (see Note 5). A shadow mask is 
used to define the exposed areas of the Au layer, which will 
serve as electrical contact pads, as shown in Fig. 9. 


7. Hydrophobic layer coating: A solution of Teflon® AF is spin 
coated at 2000 rpm for 30 s on both the top and bottom plates. 
A different type of hydrophobic coating materials, such amor- 
phous fluoropolymers Cytop”, may alternatively be used. A 
masking tape, similar to that in Fig. 9, is used as a shadow 
mask to protect the electrical contact pads. The tapes are 
removed and the plates are baked at 150 °C for 5 minutes 
and then at 195 °C for 20 min to obtain a hydrophobic Teflon® 
layer of thickness approximately 100 nm (see Note 6). 


8. Electrical connections: Conductive copper wires are soldered 
onto the individual electric pads to establish connection to an 
external circuit (see Note 7). A conductive silver paste may 
alternatively be used to establish electrical connections. 
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Fig. 10 Schematic cross section of the assembled EPD device, where p is the electrode pitch distance. The 
chamber size of a prototype device we used is 7.5 x 1.5 x 3.5 cm? (L x H x T) 


3.3 EPD Device 
Overview 


3.4 EPD Device 
Fabrication 


Figure 10 schematically illustrates one implementation of an EPD 
device. A polymeric mold is used to assemble an array of electro- 
phoretic (EP) electrodes in a fluidic chamber. The electrodes may 
be encapsulated in stainless steel cannulas to facilitate assembly. The 
chamber is filled with two immiscible dielectric liquids of different 
densities. One possible combination is a silicone oil (Poly 
(dimethylsiloxane) 200 fluid) and FC-40. The two fluids are mutu- 
ally immiscible and also immiscible with water. In addition, the two 
liquids are chosen such that, due to differences in their densities and 
surface tensions, aqueous droplets stay as spherical droplets floating 
above the interface of the two fluids. The electrodes are insulated 
except at their top surfaces and are positioned near the interface 
between the two liquids. 

For droplet radii commonly used in microfluidics, electric fields 
of magnitudes of the order of 0.1 MV/m are estimated to be 
necessary to generate electrophoretic forces sufficient to overcome 
the inertial and drag forces. In addition, the electrode pitch p needs 
to be large enough to avoid creating short circuits when conductive 
droplets are deformed under high electric fields. In our typical 
device implementations, we set the ratio between the droplet radius 
rand the electrode pitch p to be approximately 0.3. For electrode 
pitches p of a few millimeters, voltages of the order of 100 volts are 
necessary for droplet actuation. 


1. Electrode array assembly: Insulated wires of diameter 0.18 mm 
are inserted through stainless steel cannulas and served as EP 
electrodes. The electrode diameter is chosen to be relatively 
small to reduce the chance of contamination during direct 
contact between a droplet and electrodes. Each electrode/ 
cannula assembly is affixed onto the bottom of the glass cham- 
ber using adhesives. 
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Electrodes 


(b) 





Fig. 11 (a) Side view of the assembled EP electrodes. (b) Front view of the assembled EP electrodes. (c) 
The top of the EP electrodes are positioned slightly above the dielectric liquid interface to facilitate droplet 


charging 


3.5 Testing and 
Integration of 
Piezoelectric Energy 
Conversion Elements 


2. Polymeric mold injection: The polymeric mold is made of 


PDMS (polydimethyl siloxane) using a two-part silicone elas- 
tomer kit. A mixture of the base and the curing agent is slowly 
poured into the container to minimize air entrapment. The 
amount of the mixture is adjusted such that its level is slightly 
(~3 mm) below the top surface of the cannulas, as illustrated in 
Fig. lla, b. The whole chamber is baked on a hot plate at 
100 °C for ~30 min until the mold is hardened (see Note 9). 
The electrodes are next trimmed to have the same heights and 
be positioned slightly (1 ~ 2 mm) above the top surface of the 
cannulas. The insulations on the top of the EP electrodes are 
removed to expose the conductive metal surfaces. 


. Dielectric fluids filling: FC-40 is gradually transferred into the 


chamber until its level is slightly below the top of the EP 
electrodes. Silicone oil is next added (Fig. 11c). 


1. Verification of piezoelectric elements: To verify the integrity 


and operation of piezoelectric elements, the open circuit out- 
put voltage of piezoelectric elements are measured under dif- 
ferent bending angles (Fig. 12a). The open circuit output 
voltage is measured using a high input impedance electrometer 
(for example, Keithley 6514 of input impedance ~200 TQ) ora 
comparable custom circuit. The output from a single element 
increases with bending angle, a, approximately linearly for 
small bending angles. Voltages of amplitude ~50 V can be 
generated with a single laminated piezoelectric element at a 
bending angle approximately 90° [6]. 


. Serial connections: To generate higher voltage outputs for 


EPD applications, two or more piezoelectric elements are 
connected in series, as illustrated in Fig.12b. When deflected 
in the same direction, the output voltage is amplified. Output 
voltages of the order of 100 V can be generated using two 
nominally identical elements connected in series [6]. Each 
electrode is connected to one end of a piezoelectric element 
pair. The other end is grounded. 
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3.6 Droplet 
Transportation, 
Splitting, and Merging 
Using Finger-Actuated 
EWOD 





EEE 





To ground To EPD/EWOD 
(a) (b) 


Fig. 12 (a) Bending of a single piezoelectric element; (b) a series connection of 
two piezoelectric elements (on a breadboard for initial validation/trouble 
shooting) 





Piezo-elements 


Fig. 13 Experimental setup for the characterization of the prototype devices of 
finger-powered EPD microfluidics 


3. Optical setup for prototype testing: Fig. 13 shows the experi- 
mental setup used for an initial demonstration of finger- 
actuated electro-digital microfluidic devices. A CCD camera 
(KPD50U, Hitachi Corp) is mounted on a pole to capture 
the side views of droplet motions. An optic illuminator 
(Fiber-Lite, Model 190) is used to improve the lightening 
conditions and contrast. For EWOD devices, the camera is 
mounted facing down to capture the top views of droplet 
actuation. 


1. The top plate is first temporally removed and a water droplet 
(~0.3 uL) is dispensed using a micropipette on the bottom 
plate containing a passivated metal electrode array. The top 
plate is then placed back to complete the EWOD device. 


2. To actuate the droplet, a piezoelectric element (Element 2), 
which is connected to an EWOD electrode located under one 
side of the droplet, is deflected (Fig.14b). 
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(a) t=Os 





(b) t= 0.6)s) NE 





(d) t=2.4s 





(e) t= 27s 





Fig. 14 A time sequence (a—e) showing the transport of a DI water droplet using 
our finger-powered EWOD device. The numbers indicate electric connections 
between the EWOD electrodes and the piezoelectric elements. Actuation voltage 
pulses of amplitude approximately 70 V were provided by successively bending 
the array of piezoelectric elements at approximately 120° [6]. On the left column, 
the dashed lines are used to indicate the water droplet location at each time 
point. The time points represent time elapsed after the initiation of the first 
actuation sequence (i.e., bending of the piezoelectric element 2). On the right 
column, the arrows indicate that each successive piezoelectric element 
(enclosed in the dashed lines), going from the right to the left, was bent to 
transport the droplet. To prevent the droplet from being trapped in an inactive 
zone between two adjacent electrodes, the release of a previously bent electrode 
is delayed. For example, in steps (b) and (c), piezoelectric element 2 was not 
fully released when Element 3 was bent so that the front line of the droplet would 
stay across the gap between 2 and 3 


3. To prevent the droplet from getting pinned in a “dead zone” 
between adjacent electrodes, the adjacent piezoelectric element 
(Element 3) is bent before Element 2 is completely released 
(Fig.14b). 

4. Steps 2 and 3 are repeated for successive pairs of the electrodes 
to continually move the droplet. 


306 


Cheng Peng and Y. Sungtaek Ju 





Fig. 15 (a) A time sequence showing a water droplet, originally located across 
electrodes 2, 3, and 4, splitting into two. The droplet is first elongated under 
actuation from piezoelectric element 1 and 3 as it is pulled in the opposing 
directions, forming a necked region (middle image). Under the continued 
actuation, the droplet splits into two. The two smaller droplets now occupy 
electrodes 1 and 3 (right image). (b) A time sequence showing two water 
droplets, originally located on electrodes 2 or 4, merging into one larger 
droplet. The two droplets are first attracted (middle image) to electrode 3 
under actuation from piezoelectric element 3. Once the two droplets make a 
physical contact, they quickly merge through capillary action (right image). Note 
that piezoelectric elements 2 and 4 were not fully released at the beginning of 
the actuation to facilitate droplet merging 


5. To split a water droplet into two daughter droplets, the top 
plate is temporarily removed and a large droplet is dispensed to 
cover multiple electrodes (three in Fig. 15). The top plate is 
placed back to confine the droplet. Two piezoelectric elements 
connected to the electrodes located under the two opposing 
ends of the droplet (Elements 1 and 3 in Fig. 15) are bent 
simultaneously to split the droplet. An asymmetric splitting can 
also be achieved by simultaneously bending a set of piezoelec- 
tric elements connected to the electrodes located under the 
droplet in an asymmetric manner (for example, Elements 1, 3, 
and 4 in Fig. 15a). 


6. To merge two droplets, a piezoelectric element connected to 
the electrode located in-between (Electrode 3 in Fig. 15b) are 
bent simultaneously to attract the droplets into the common 
location. 


3.7 Biochemical 
Reaction Through 
Finger-Powered EWOD 
Actuation of Droplets 
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. As a demonstration of controlled biochemical reactions, an 


enzyme-based colorimetric reaction is performed using the 
finger-powered EWOD. An enzyme substrate (BCIP/NBT) 
is used to detect an alkaline phosphatase (ALP) conjugated 
antibody. This mimics the last step of signal detection and 
amplification in ALP-based colorimetric ELISA. 


. ALP conjugated IgG antibodies are immobilized on the upper 


plate of the EWOD device by manual pipetting of ~500 nL of 
their solution. The dispensed spots are allowed to air-dry 
before use (Fig. 16a immobilized antibody). 


. An approximately 0.3-microliter aliquot of the enzyme sub- 


strate (BCIP/NBT) solution is loaded onto the bottom plate 
of the EWOD device using a micropipette. 


. Finger-powered EWOD actuation is used to transport the 


sample droplet containing the enzyme substrates to the elec- 
trodes pretreated with the ALP-conjugated antibodies 
(Fig. 16b, c). The droplet is then incubated for approximately 





Fig. 16 Detection of ALP-conjugated antibody using a finger-powered EWOD 
device 
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Fig. 17 A time sequence showing the transport of a water droplet of radius 0.6 mm using our finger-powered 
EPD. The positive and negative signs indicate the charge polarities. Through (a—c), the droplet acquired 
negative charges when in contact with Electrode 1 and is transported to Electrode 2, which is positively 
charged, under the influence of the electrophoretic force. Upon contacting Electrode 2, the droplet became 
positively charged. Through (d-f), shortly before the droplet made a contact with Electrode 2, Electrode 1 was 
returned to the neutral state while Electrode 3 was negatively polarized to facilitate continuous translation of 
the now positively charged droplet towards Electrode 3 


3.8 Droplet 
Transportation and 
Merging through 
Finger-Powered EPD 


5 min for full color development, as shown in Fig.16c. 
Figure 16d shows the color change resulting from black-purple 
precipitates, indicating successful detection of the ALP- 
conjugated antibodies. 


This particular implementation of colorimetric reaction allows 


qualitative detection of the presence of antibodies. However, when 
coupled with digital transmission of images captured using cell 
phones or other cost-effective imaging analysis systems, quantita- 
tive detection may also be possible | 7, 8]. 


1. To demonstrate droplet transportation using finger-powered 


EPD, an aqueous droplet of radius approximately 0.63 mm is 
introduced into the chamber using a micropipette. The 
electrode pitch in the particular device used is 1.76 mm, 
corresponding to the radius-to-pitch (7/p) of approximately 
0.3. 


. Two adjacent electrodes are biased by deflecting the 


corresponding piezoelectric elements in the opposing direc- 
tions (Electrodes | and 2 in Fig. 17a). To transport the droplet, 
one sequentially alternated the polarities of successive electrode 
combinations. As an example, suppose the droplet is initially 
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Fig. 18 Merging of two aqueous droplets under EPD actuation. The translucent droplet was first transported to 
Electrode 2 and positively charged upon contact with Electrode 2 (a, b). Electrode 3 was subsequently 
negatively biased whereas Electrode 1 was returned to neutral. This caused the negative charged dyed droplet 
and the positively charged translucent droplet to move towards the middle electrode (c) and merge almost 
instantaneously (d) 


negatively charged. As the droplet reached Electrode 2 and 
becomes positively charged (Fig. 17c, d), Electrode 3 is nega- 
tively biased to allow the droplet to continue its motion 
towards Electrode 3. 


3. Figure 18 shows the merging of two aqueous droplets of 
similar sizes. Piezoelectric elements connected to Electrode 1 
and 2 are first deflected to the opposite directions. The trans- 
lucent droplet is actuated towards Electrode 2 and positively 
charged when it makes contact with Electrode 2 (Fig.18c). We 
then biased Electrodes 2 and 3. The two oppositely charged 
droplets are subsequently merged almost instantaneously 
through electrostatic attraction. 


4 Notes 


1. The two parts of an elastomer kit for PDMS is added in a 
disposable cup. For Sylgard 184, a 10:1 mixture of the base 
and the curing agent may be used. The based and the curing 
agent are thoroughly mixed with a stirring stick. The mixture is 
put in a vacuum chamber (25 In. Hg, room temperature, ACP 
15 vacuum pump, Adixen) for about 15 minutes for degassing. 


2. It is important that the etching time is controlled so that gaps 
between the electrodes are not widened by over-etching. The 
etching process may be interrupted periodically to check the 
gaps under an optical microscope. 


3. A thinner dielectric layer is generally desired to reduce actua- 
tion voltages. However, one must consider that the dielectric 
breakdown field generally decreases with decreasing film 
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thickness due in part to pin holes and other defects. Also, 
thinner dielectric layers are more susceptible to electrolysis of 
aqueous droplets. 


Another consideration, unique to the finger-powered actua- 
tion, is the electrical capacitance (see Note 4). Dielectric mate- 
rials that have been previously investigated for use in EWOD 
devices include silicon oxide, parylene, fluoropolymer, and 
barium strontium titanate (BST) [9]. Silicon nitride films 
have commonly been used as they are widely available in micro- 
fabrication labs and have higher relative dielectric constants 
than silicon dioxide films. 


. The capacitance of the electrodes in the described EWOD 


device is approximately 60 pF. This capacitance is orders of 
magnitudes smaller than that of each piezoelectric element. 
This is necessary to reduce the voltage dividing effect to a 
negligible level. 


. The deposition rate is first calibrated by running the deposition 


recipe using a dummy substrate. After a set time period of trial 
deposition, the thickness of the deposited SiN, layer is 
measured (for example, using Nanometrics 210 Reflectome- 
ter). One then uses the calculated deposition rate to determine 
the deposition time necessary to obtain the desired thickness. 


. A significant contact angle change (e.g., from 120° to 80°) is 


desired to overcome the contact angle hysteresis and reliably 
actuate droplets using EWOD. The initial contact angle on 
Teflon-coated hydrophobic surfaces may be checked by placing 
a water droplet on the prepared surface and capturing a static 
image of the side view. 


After several days of exposure to the ambient air, there might be 
partial loss of hydrophobicity. Baking the coating at 195 °C for 
5-10 min may help restore the hydrophobicity. 


. Flux 5R (Indium Corporation of America) may be applied 


during soldering to confine the solder on a desired electrode. 


. One may change the ratio of the two components to tune the 


hardness of the PDMS mold. 


. If the droplet cannot be actuated, check the hydrophobicity of 


the Teflon® coatings on the top and bottom plates. Also check 
if electrolysis, which manifests as small white spots (bubbles), 
occurs. Electrolysis may result from a poor quality dielectric 
layer or excessive bias voltages. 
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Chapter 21 


Monitoring the Cellular Binding Events with Quartz Crystal 
Microbalance (QCM) Biosensors 


Abdul Rehman and Xiangqun Zeng 


Abstract 


Quartz crystal microbalance (QCM) biosensors have been demonstrated as noninvasive and label-free tools 
for cell based measurements. However, the complexity of biofilms composed of cells with the associated 
liquid environments is preventive towards forming explicit relationship between the added mass and the 
change in the frequency output signal. Therefore, the protocols of interface design (surface chemistry, 
interaction mechanism, and data acquisition), data interpretation, and device fabrication, all need to be 
finely refined in order to make these biosensors prevail in real life. Especially in the sense of deriving correct 
inferences from binding events, the fluidic effects (mostly visible in the form of damping resistance of 
QCM) should be quantitatively excluded from binding measurements. Such strategies can then track even 
the cellular interactions which are the basis of many physiological functions of life and can be built into 
smart functional devices for point of care diagnostics. This chapter provides technical details regarding these 
strategies with a focus on experimental details and procedures of the measurements of anti CD-20 antibody 
(Rituximab) interactions with B-Lymphoma cancer cells using the QCM method. In addition to a detailed 
description of specific interactions, we provide mechanisms of data interpretation and device development 
having potential application to other techniques. 


Key words Quartz crystal microbalance, B-lymphoma, Rituximab, Point-of-care diagnostics 


1 Introduction 


1.1 Thickness Shear In 1880, Pierre and Jacques Curie observed that pressure exerted 
Mode Resonance on a small piece of quartz causes an electrical potential difference 
Detectors between the deformed surfaces, and found that application of a 
voltage to a quartz crystal can cause physical distortion [1]. They 
named their discovery the piezoelectric effect which is the basis of 
quartz crystal microbalance (QCM See Quartz crystal microbalance 

(QCM) biosensors) sensors. 
Interfacial mass changes in the QCM can be related to changes 
in the oscillation frequency of the shear wave generated in it by 
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Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
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applying Sauerbrey’s equation [2 |: Af =- where 7 is the 


1/2 
A (uapa) 


overtone number, pw, is the shear modulus of the quartz 
(2.947 x 10™ g/cm sî), Pq is the density of the quartz (2.648 g/ 
cm), and the measurements assume that the foreign mass is 
strongly coupled to the resonator. The theoretical absolute mass 
sensitivity for QCM is proportional to the square of the resonant 
frequency (Eq. 1). 


=~ = (1) 


Here, Afis the frequency shift, Am is the surface mass density 
change, and v is the propagation velocity of the wave. Moreover, 
this must be noted that the theoretical mass sensitivity, i.e., the 
lineal relationship between the frequency shift and the mass surface 
density variations, is only correct for thin, rigid films, where only 
inertial mass effects contribute to the resonant frequency shifts, 
thereby allowing the estimation of the limit of detection (LOD) 
or surface mass resolution for a minimum detectable frequency shift 
(Afmin) as denoted in Eq. 2. 





LOD = Ammin = Af = (2) 

When a Newtonian semi-infinite liquid comes in contact with 

QCM, which is quite usually the case in biosensor applications, the 

contribution of the coating and the liquid properties can be con- 

sidered additive and Eq. 3 can be applied which combines two 

effects on the frequency shift, the mass effect of the coating (Sauer- 
brey effect) and the mass effect of the liquid (Kanazawa effect). 


af 
Leg 





Af = (m -+ my, ) (3) 


Here, Zq 1s the characteristic acoustic impedance of the quartz, 
m, 1s the surface mass density of the coating (Sauerbrey effect), and 





m =f rôl is the equivalent surface mass density of the liquid which 
moves in an exponentially damped sinusoidal profile (Kanazawa 
effect) where pı and ô are the liquid density and the wave penetra- 
tion depth in that liquid respectively. Assuming that the properties 
of the liquid medium in each case are constant, the frequency shift 
can again be used as a measuring parameter to monitor the inter- 
actions occurring at the coating interface. 


The use of QCM in analytical applications, however, was 
delayed due to the lack of suitable oscillator circuits that enable 
the shear-wave resonator to be operated in fluids. In 1982, Nomura 
and Okuhara were the first to report on a circuitry capable of 
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1.2 QCM Biosensors 
for Cell Based Studies 


oscillating in liquid [3]. This gave the starting point for develop- 
ment of a new class of analytical tools. The incorporation of various 
chemically sensitive layers has resulted in the explosive growth of 
piezoelectric sensors. The major advantages of piezoelectric mass 
sensors are simplicity of construction and operation, weight, cost, 
availability, and low power requirements. Unlike electrochemical 
sensors, the measurement is conducted in a monopolar mode, i.e., 
only a single physical probe is necessary. As the measurement 
principle is based on the generation and changes of acoustic 
waves, QCM is one of the most non-invasive approaches. Further- 
more, QCM can measure local viscoelastic changes via the changes 
in its damping resistance, thereby monitoring different film proper- 
ties at the interface if linked to proper physiochemical models. 
These measurements provide information on the real binding to a 
receptor and not simply on proximity to a receptor, thus generating 
more accurate data and providing high sensitivity and selectivity 
capabilities with a reduced cost in relation to other techniques. 
Moreover, such analyses can be performed using miniaturized and 
monolithic arrays of QCM sensors for real world applications (see 
Note 1). 


In recent years, many different QCM biosensor applications have 
been devised [4-9 |], an important area of which is monitoring and 
mechanistic understanding of cellular binding events such as anti- 
gen—antibody interactions, pathogen detections, and cell adhe- 
sions. Essentially, these cell based measurements require a 
noninvasive approach for the response to only include the binding 
process rather than the impacts of chemical/biochemical labels 
used in many available technologies and/or the changes in cell 
properties imposed by the invasiveness of the applied method. 
QCM transducer is non-invasive so that the measurements them- 
selves will not lead to the change of the cell properties. However, 
the physics of biofilms made up of cells in liquid environment is 
complex, which makes it difficult to obtain a generally explicit 
relationship between the added mass and the change in the fre- 
quency output. Our work and others have shown that the depos- 
ited mass is generally overestimated | 10, 11]. Moreover, it is found 
in many cases that even thin biofilms dissipate a significant amount 
of energy owing to QCM oscillation. This measured increase in 
energy dissipation is attributed to (1) a viscoelastic porous structure 
that is strained during oscillation, (2) trapped liquid that moves 
between or in and out of pores due to the deformation of the film, 
and (3) the load from the bulk liquid which increases the strain of 
the film. 

Thus, the establishment of QCM as label-free biosensors for 
the study of cellular binding events rests on three main aspects: 
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1. Interface design—to build innovative chemical and biochemical 
approaches that can promote label-free, noninvasive, and robust 
but still reversible, sensitive, and selective binding mechanisms. 


2. Data interpretation—to extract only the useful data from a 
variety of changing parameters (e.g., mass loading frequency, 
liquid loading frequency, damping resistance, and dissipation of 
the wave). 


3. Device development—to reach the goal of portable and point- 
of-care devices for real life implementation of biosensing 
protocols. 


In recent years we have adopted a systematic approach to 
describe various schemes and interfaces to address challenges in 
QCM based detection of cellular events. In this chapter we use 
the binding of rituximab with B-lymphoma cells as an example to 
describe the significance of QCM sensors in analyzing important 
cellular events. For this purpose, the focus is not only the biochem- 
istry to promote cellular binding so as to ensure the mass sensing 
profiles, but also to analyze the local microenvironment in terms of 
resistance changes, thereby relating it to overall response mechan- 
isms and interpretations. We also discuss the fabrication of proto- 
type devices for such protocols. 


2 Materials and Instruments 


1. Therapeutic antibodies Rituxan (rituximab), Herceptin (tras- 
tuzumab), and Avastin (bevacizumab) are provided by Beau- 
mont Hospital, Royal Oak, Michigan. 


2. HEPES buffered saline (HBS, pH 7.4) is obtained from Bia- 
core Life Sciences (Sweden) to be used in all cell-based 
experiments. 


3. Phosphate buffered saline (PBS, pH 7.4) is purchased from 
Invitrogen to be employed in the electrochemical 
measurements. 


4. L-cysteine (Cys) is purchased from Sigma and its 0.25 mol/L 
solution is prepared with 0.1 mol/L hydrochloric acid. 

5. Arginine—glycine—aspartic acid (RGD) tripeptide is obtained 
from Sigma and its 1 mg/mL solution is prepared with 
biological grade water (resistance greater than 18 MQ) and 
further filtered with a 0.2 um filter. 


6. The gold QCM electrode consisting of a thin AT-cut quartz 
crystal wafer with one gold electrode on each side (10 MHz, 
non-polished with ~1000 A gold, geometric area is 0.22 cm”) 
is purchased from International Crystal Company. 
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te 


10. 


ll. 


12. 


An RQCM instrument (Maxtek Inc., USA) is used for simulta- 
neous recording of resonant frequency and motional resistance 
of the QCM electrodes. We have also developed low cost, 
homemade instrumentation for QCM measurements (see 
Note 2) which can also be implemented in such experiments. 


. A Lawson EMF-16 precision electrochemistry EMF interface 


instrument (Malvern, PA, USA) is used to monitor equilibrium 
potential changes in real time. 


. Cyclic voltammetry (CV) and electrochemical impedance spec- 


troscopy (EIS) experiments are performed with a potentiostat/ 
galvanostat (EG&G Par model 2263) by using a three- 
electrode electrolytic cell. The QCM gold electrode acted as 
the working electrode. A Ag/AgCl electrode (saturated KCl) 
served as the reference electrode. A platinum wire served as the 
counter electrode. 


The cell-modality observation is performed using an inverted 
optical microscope (Nikon TMSF, Japan) with a digital camera 
(SPOT, 1600 x 1200 pixels, Diagnostic Instrument Inc. 
USA). 


Burkitt’s lymphoma Raji cells, acute lymphoblastic leukemia 
CCRECEM cells, and vascular endothelium HUVEC-C cells 
are obtained from American Type Culture Collection (ATCC). 


The density of cells is determined with a hemacytometer. 


3 Methods and Approaches 


Figure 1 shows the block diagram of the overall processes of the 
QCM based cell analysis with photos of the QCM instruments and 
the QCM electrodes used in our study. Typically, the QCM elec- 
trode is an Au-electrode that can be modified with extracellular 
matrices (e.g., peptides) or biofilms to bind to the cells and to 
mimic the cell microenvironment. Based on the target cell struc- 
tures, the modification of the electrode surface can be done by two 
main approaches. 


l. 


The first approach is the immobilization of protein or carbohy- 
drate receptors, or both, onto the electrode. This is useful for 
targeting those cells having surface structures capable of 
binding to these receptors (e.g., the bacterial cell walls have pili 
proteins and lipopolysaccharide (LPS) structures that can specif- 
ically bind to the immobilized carbohydrate and protein recep- 
tors) [8]. 


. Alternatively, the Au-electrode can be modified directly with the 
cells using chemical linkers. This interface can be used to bind 
target cells in a specific manner. 
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Fig. 1 QCM and the measurement chamber for cell based studies 


Rituximab (Antibody) 
Raji cells 
RGD tripeptide 


Glutaraldehyde 





Cysteine 


QCM with Au-electrode — A 


Fig. 2 Schematic representation of the immobilization sequence for the Raji cells 
for antibody interaction measurements 


In the present work, we immobilized a RGD-tripeptide 
sequence to capture lymphoma cells. Their interactions are studied 
with monoclonal antibodies using our QCM approach (Fig. 2). It is 
important to point out that the cells are mostly non-rigid entities 
and their interactions with the substrates or the receptors require 
thorough analysis in order to ensure accurate descriptions of bind- 
ing. Theoretically QCM frequency response is sensitive not only to 
mass loading but also to changes in solution density and viscosity at 
the electrode solution interface. Martin et al. [13] have reported 
the relationship between the changes of the resonant frequency and 
those of motional resistance, Afo and AR,, due to net changes in 
solution density and viscosity as: 
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3.1 Cell Culture 


3.2 Surface 
Chemistry 


Afo __ Vos (4) 


AR — 4rnLy/f Ha 


Where Lq and fog are the motional inductance and resonant 
frequency of the crystal in air, respectively, fis the excitation fre- 
quency, wf, is the shear modulus for AT-cut quartz 
(2.947 x 10'° Nm”), and ces is the piezoelectrically stiffened 
elastic constant (2.957 x 10'° Nm’). Here, fog can be approxi- 
mately used in the calculation instead of fwith error below ca. 0.3%. 
With these values inserted, we can readily get AR; = — 42L,Afo. 

The frequency resistance slope |Af,/AR,|, thus calculated can 
be used as a quantitative representation of whether the changes in 
frequency can be assigned to the mass changes in the binding 
process or the viscosity variations at the interface. As AR, value is 
approximately zero for an ideal rigid film, the Afo can only be 
assigned to mass changes. This means that the smaller the value of 
A Ryis, the more rigid the binding interaction is, and more domi- 
nantly the response is due to mass change. With AR, approaching 
toward larger values, the |Afo/AR,| gets smaller and smaller, reach- 
ing a threshold value below which the frequency response can 
predominantly be assigned to viscodensity fluctuations of the sys- 
tem. For the 10 MHz QCM crystal, the threshold value of the slope 
IAfo/AR,| is 11.6 which reflects the contribution of density and 
viscosity in the measurement. Thus, if the slope is larger than the 
absolute value of |Afo/AR,| = 11.6 Hz/Q, the frequency changes 
can be ascribed to be predominantly due to the mass effect. Thus, 
we were able to utilize this protocol to characterize the surface 
antigens of the cancer cells (i.e., CD20, expressed on greater than 
90 % of B-lymphocytic lymphomas) and the antigen binding with 
rituximab, a chimeric murine /human-engineered monoclonal anti- 
body [14]. For this purpose, B-lymphoblast-like Burkitt’s lym- 
phoma Raji cells are immobilized on the QCM electrode and the 
real time binding measurements are done, highlighting the devised 
chemistry and the importance of frequency-resistance analysis. 


The cells are cultured using RPMI-1640 growth medium (Gibco) 
supplemented with 10 % fetal calf serum (Gibco) and F-12K 
medium (ATCC) supplemented with 0.1 mg/mL heparin 
(Sigma), and 10 % fetal bovine serum (Gibco), respectively, in an 
incubator (5 % CO3, 37 °C). 


1. Raji cells belong to suspension cells class, requiring immobiliza- 
tion of them on the electrode surface. Therefore, arginine—gly- 
cine—aspartic acid (RGD) tripeptide is employed to capture Raji 
cells and the whole process is characterized by electrochemical 
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3.3 Measurement 
Protocol and Data 
Acquisition 


L: 


methods. The immobilization of RGD tripeptide results in the 
decrease of the peak currents of ferric-/ferrocyanide probe as 
measured by cyclic voltammetry (CV), and increase of the elec- 
tron transfer resistance of ferric-/ferrocyanide probe as 
measured by electrochemical impedance spectroscopy (EIS). 
This suggests that the modified thin film efficiently blocked the 
electron transfers of ferric- /ferrocyanide probe. The above elec- 
trochemical parameters are further changed with the introduc- 
tion of Raji cells, proving that the cells are captured by the RGD 
modified electrode. 


. The immobilization is performed by first removing possible 


contamination by cleaning the QCM electrode surface with 
Piranha solution (30 % H202:H28501 3:7). The surface is then 
rinsed thoroughly with water and blown dry with a stream of 
nitrogen gas. The freshly cleaned QCM electrode is immersed 
into cysteine solution overnight. Subsequently, the Cys- 
modified QCM electrode is immersed in 5 % glutaraldehyde 
(GA) aqueous solution for 0.5 h. Finally, 20 uL of 1 mg/mL 
RGD aqueous solution is applied to the dry GA/Cys-modified 
gold surface and left for 1 h. The electrode is gently washed with 
purified water and nitrogen-dried after each assembly process. 


. The RGD-assembled QCM electrode is mounted on the side of 


the measuring chamber containing 1.9 mL HBS. This setup 
ensures the binding of the analyte with the immobilized cells 
on the QCM electrode. The QCM signals are obtained under 
stirring conditions. 


. After the concentration of cells reached 1 x 10° cells/mL, they 


are collected from the medium by centrifugation at 1500 x g for 
5 min and washed with HBS three times. Then, 100 pL of the 
cell-suspending solution is carefully added to the measuring 
chamber. The frequency and resistance responses are simulta- 
neously monitored real time for up to 20 h. The therapeutic 


mAbs are added 2 h after the addition of cells. 


. After that, the cell captured electrode is subjected to a 16 h 


rituximab treatment. The peak currents and the electron transfer 
resistance are decreased and increased, during this period, 
respectively. This can be correlated with the increase of rituxi- 
mab concentration. This phenomenon clearly indicates that the 
cells are successfully immobilized on the electrode. 


After 2 h immobilization of Raji cells, different monoclonal 
antibodies (mAbs) are added into the biosensor system and the 
real-time frequency and resistance responses are observed as 
shown in Fig. 3. It can be found that the addition of quantitative 
amount of rituximab led to further decrease of frequency and 
increase of resistance. No significant change of frequency is 


Monitoring the Cellular Binding Events with Quartz Crystal Microbalance (QCM) Biosensors 321 


| Raji cells no monoclonal antibody (a) 
150 ug mL” Rituximab (b) 


pm 150 ug mL” Trastuzumab (c) 
150 ug mL” Bevacizumab (d) 


baseline in HEPES 





0 200 400 600 800 1000 1200 
time /min 


no monoclonal antibody (a) 
150 ug mL” Rituximab (b) 
150 ug mL" Trastuzumab (c) 
150 ug mL” Bevacizumab (d) 


AR, /Q 


Raji cells 





0 200 400 600 800 1000 1200 
time /min 


Fig. 3 Real-time Af, (a) and AR; (b) responses to the successive addition of 
5 x 10° Raji cells and different monoclonal antibodies (2 h later) 


observed for trastuzumab and bevacizumab which are used as 
control mAbs, although the minor increase of resistance, which 
should be derived from the viscodensity-change of solution, 
could be observed. These results prove that rituximab could 
selectively bind to Raji cells due to the interaction between 
rituximab and CD20 on cell membranes. Furthermore, it is a 
clear indication that a thoughtfully devised chemistry of the 
interface promote highly selective binding that can make QCM 
like universal sensors to work for biosensing and detection in an 
efficient manner. 


2. In order to correctly analyze the acquired data, it is important to 
evaluate the time where the binding between the cells and the 
antibody drug occur. Measurement at a longer time can induce 
cell lysis, thereby limiting the data accuracy. For this purpose, 
the morphology of Raji cells in the absence and presence of 
rituximab is observed, as shown in the microscopic photographs 
in Fig. 4. A Raji cell is a spheroid at 0.5 and 3 h. At 16 h without 
rituximab, some cells are in expansion but the cell morphology 
remained intact, meaning that the cells could maintain integral- 
ity and some activity for a long time in the buffer without a 
supply of additional nutrition factors in growth medium. The 
intact cells can also be observed at 3 h after the addition of 
rituximab, however, after 16 h with rituximab, lots of cell 
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3.4 Frequency- 
Resistance Data 
Analysis 





Fig. 4 Microscope images (100 x) of Raji cells in the absence (A) and presence 
of 150 mg/mL rituximab (B) and 150 mg/mL rituximab-7.5 mM Ca?“ (C) at 0.5 h 
(1), 3 h (2), and 16 h (3) 


fragments can be seen in the culture dishes. This reveals that Raji 
cells suffered lysis in the presence of rituximab, but this lysis is 
not a rapid process. Thus, the frequency and resistance shifts in 
the initial phases of the QCM experiments can only be assigned 
to the binding events. The QCM data at 3 h after the addition of 
rituximab, when the Raji cell does not suffer lysis and still 
remained intact, are used. The QCM signal shifts in this period 
should be mainly derived from the binding. 


. After this protocol is established, real-time data for frequency 


and resistance is acquired for various experiments of Raji cells—- 
rituximab binding and analyzed. 


. The real-time frequency and resistance responses shown in Fig. 3 


are analyzed using the |Afp/AR}| ratio and it is calculated to be 
24 Hz/Q on average at the whole cell-capture phase, larger than 
the theoretical value of 11.6 which means that the QCM 
responses can mainly be attributed to the mass effect. Although 
the changes of density and viscosity may be present, but above 
this threshold value, these are too small to contribute a signifi- 
cant effect [15]. 


. |Afo/AR\| ratio is also calculated at the binding of Raji cells and 


rituximab, which again comes to be 14.8 Hz/Q on average. It is 
again larger than threshold value, indicating that the mass effect 
still dominated the QCM frequency responses. 


. The predominant mass effects of the biointerface allowed us to 


quantify the apparent binding constant between immobilized 
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Fig. 5 (a) Real-time frequency responses to the successive addition of 5 x 10* Raji cells and rituximab with 
different concentrations (2 h later). The concentrations of rituximab: 0, 5, 25, 50, 150, and 250 pg/mL from a 
to f. (b, c) are the calibration plots for this data 


Raji cells and rituximab using this QCM technique. Figure 5 
depicts the Afo signals of the cell-captured electrode vs different 
concentrations of rituximab. The |(Afo),, — (Afo)o| is defined 
as the response signal. The value of |(Afo), — (Afo)o| 
represents the net frequency responses derived from the ritux- 
imab binding. 

On the basis of the Sauerbrey equation (eq. 5), 


(Afo), — (Afo)o] = kAm = kD (5) 


And we know that the Langmuir adsorption equation can be 
expressed as (eq. 6): 


C C l 
a 6 
D te. Mra (6) 








By using the experimental data obtained over the range of the 
rituximab concentration from 5 to 250 pg/mL that fits well to 
the Langmuir adsorption model, and by combining the Eqs. 5 
and 6, we are able to calculate the apparent binding constant k to 
be 1.6 x 10°M*. 


4. It is also observed that QCM responses are further increased by 
the rituximab addition in the presence of Ca** ions and high- 
concentration Mn** ions, supporting the function of CD20 as a 
calcium ion channel. Microscopic inspection also proved that 
Ca** ions could promote the rituximab binding and cell lysis 
induced by rituximab. Thus the application of this new biosen- 
sor technology has enabled us to understand surface antigen 
expression of tumor cells, evaluate their density, and characterize 
the role of different ion channels in these malignancies in con- 
text of therapeutical drug treatments such as with rituximab and 
ofatumomab. 
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4 Notes 


l. 


13mm 


QCM sensor array and miniaturization. 

Irrespective of the different interfacial schemes adopted or 
different data interpretation models utilized, in order to further 
implement this QCM technology for various real-life applica- 
tions, smart and miniaturized instruments and/or integration of 
the biointerface with microfluidics for lab on a chip devices are 
essentially required which are low-cost and portable to ensure 
field deployability [16, 17]. Furthermore, to increase the speed 
and throughput of the analysis, sensor array (i.e., an array of 
different sensors is used) with each element in the array immo- 
bilized with same or different cells to respond to a number of 
different cellular microenvironments is required. Our group 
[18] has fabricated a four QCM array on one monolithic quartz 
with each electrode 2.5 mm diameter as shown in Fig. 6, and by 
using the two Maxtec RQCM instruements, we obtained oscil- 
lation signals from each of the microfabricated QCM sensor in 
the array simultaneously. No cross talk and interference were 
observed. 


. Multiple channel, low cost QCM instrumentation. 


The QCM devices either incorporate the quartz crystal into 
an oscillator circuit and monitor the sensor via the oscillator’s 
frequency or incorporate sweeping frequency measurements 
using Network Analyzers as shown in Fig. 1. Currently available 
oscillator type devices often only has one or up to three individ- 
ual electronic oscillators, so they can measure crystal frequency 
and crystal resistance for up to three crystals simultaneously. 
However, the three individual oscillator boards design is not 
practical for multiple channel QCM sensor array measurements. 
For this purpose, an alternative method for detecting frequency 
variations in multiple Quartz Crystal Microbalance (QCM) 
oscillation is developed in collaboration with Dr. Edzko Smid 
at JADI, Inc. which is being pursued to build into final proto- 
types (Shown in Fig. 7). 





Fig. 6 Photos of the fabricated asymmetric QCM array, front side (a), and 
backside (b), and a photo of the symmetric QCM sensor array (c). (Reprinted 
from ref. [18] with the permission of American Chemical Society) 
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Fig. 7 Multichannel QCM instruments. Left. 4 channel QCM prototype with 
tunable fundamental ^: 10 and 25 MHz; Aight. 8 channel QCM prototype 


In order to acquire data, an interface software application for 
the Windows® is developed. The QCM Sensor device commu- 
nicates with the host station through a serial communication bus 
(RS232). The device transmits data as ASCII lines of text. The 
lines represent a value for time with values of the frequency for 
each of the sensor channels. The software has two modes of 
monitoring. The relative mode displays the frequency difference 
between the current frequency value and the value captured at 
any given time. This allows for multiple channels to be displayed 
in the same graph on the same vertical axis. The second mode 
displays the actual frequency. Since the difference of the oscillat- 
ing frequency between different crystals may be significant com- 
pared to the trends caused by the QCM experiments, it may not 
be possible to monitor trends of the frequency for multiple 
crystals using this mode. The QCM prototype also has an addi- 
tional functionality of wireless connectivity through UWB/RE 
which allows for the QCM device to be carried or positioned in 
various types of environments. 

QCM prototype is finally compared to the one commonly 
used commercial QCM instrument (i.e., MAXTEK RQCM). 
Even though there are several commercial QCM instruments 
available, Maxtek RQCM is the best commercial oscillator. 
Comparing our prototype with it gave us the best feedback 
about the performance of our prototype. For all the test experi- 
ments, same crystal either coated or uncoated was used and the 
sensor responses to the analytes are measured by both Maxtek 
RQCM and our prototype using the same coated crystal. The 
sensorgrams obtained with the prototype instrument are similar 
to those obtained with the Maxtek RQCM instrument, present- 
ing a similar pattern at different concentrations. This indicates 
that the developed prototypes can be used for actual sensing 
measurements in the future. Comparing the costs and portabil- 
ity, that will be a great achievement for the sensors to be made 
available for on-site and field detections. 
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Chapter 22 


Piezoelectric Plate Sensor (PEPS) for Analysis of Specific 
KRAS Point Mutations at Low Copy Number in Urine Without 
DNA Isolation or Amplification 


Ceyhun E. Kirimli, Wei-Heng Shih, and Wan Y. Shih 


Abstract 


We have examined in situ detection of single-nucleotide KRAS mutations in urine using a (Pb(Mg) /3Nbz , 
3)03)0.65(PbT1O3)0.35 (PMN-PT) piezoelectric plate sensor (PEPS) coated with a 17-nucleotide (nt) 
locked nucleic acid (LNA) probe DNA complementary to the KRAS mutation without DNA isolation 
and amplification. In situ mutant (MT) DNA in urine in a wild type (WT) background was carried out at a 
flow rate of 4 mL/min and at 63 °C with the PEPS vertically situated at the center of the flow. Both the 
temperature and the impingement flow force discriminated the wild type. Under these conditions PEPS was 
shown to specifically detect KRAS MT in situ within 30 min with an analytical sensitivity of 60 copies/mL 
in a clinically relevant background of WT with concentrations 1000-fold greater than that of MT without 
DNA isolation, amplification, or labeling. For validation, detection was performed in a mixture of blue MT 
fluorescent reporter microspheres (FRMs) (MT FRMs) that bound to only the captured MT, and orange 
WT FRMs that bound to only the captured WT. The captured blue MT FRMs still outnumbered the orange 
WT FRMs by a factor of 4-1 even though WT was 1000-fold of MT in urine, illustrating the specificity of 
the point mutation detection. 


Keywords Piezoelectric plate sensor, Piezoelectric sensor, Biosensor, Amplification-free hybridization 
detection, Cell-free point-mutation detection 


1 Introduction 


A lead magnesium niobate-lead titanate (Pb(Mg) /3Nbz,3) 
O3)0.65(PbT1O3)o9.35 (PMN-PT) piezoelectric plate sensor (PEPS) 
consisting of an 8-ym thin highly piezoelectric PMN-PT layer 
made without a substrate (see Fig. la, c) [1, 2] is a unique sensor 
with polymerase chain reaction (PCR)-like 100 zM (107?? M or 60 
copies/mL) analytical sensitivity in label-free DNA detection with- 
out DNA isolation, concentration, and amplification. [3] With 
receptor immobilized on the surface, binding of a target DNA 
decreased the resonance frequency (f) of the PEPS. Label-free 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
DOI 10.1007/978-1-4939-6911-1_22, © Springer Science+Business Media LLC 2017 
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Fig. 1 (a) A schematic of the side view of the PEPS. The gold wires were connected to the top and bottom gold 
electrodes with conductive glue. The entire rear end, including the conductive glue, was covered with non- 
conductive glues. MPS layer covered the front end of the PEPS that was not covered by the nonconductive 
glue. (b) Blowup of both the impedance-versus-frequency (blue) and phase angle-versus-frequency (rea) 
spectra around the WEM resonance peak around 3.4 MHz. Also included are schematics for LEM and WEM 
vibrations in insert (I) and (Il), respectively. (c) In-air (black) and in-PBS (red) phase angle-versus-frequency 
resonance spectra with an insert showing an optical micrograph of the PEPS, and (d) relative resonance 
frequency shift, Af/f, of the PMN-PT PEPS going through PBS step (0—30 min), the SMCC bonding step 
(30—60 min), the probe immobilization step(60—90 min), the MT detection step (90—120 min), the MT FRMs 
detection step (120-150 min), and the final PBS step (150—180 min) with an insert showing a schematic of the 
molecules involved in these steps. (e) MT (solid symbols) and WT (open symbols) detection at 1 x 107 '° Min 
PBS at 55 °C (black), 60 °C (rea), 63 °C (blue), and 68 °C (green) for 30 min, (f) average —Af/f at 25-30 min 
versus temperature, squares for MT and circles for WT. Also plotted is the ratio of the average —Af/f at 
25—30 min of the MT to that of the WT (triangles) (the right side of the double-y plot) 
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detection of the target DNA in situ was quantified by measuring 
this frequency decrease (Af) using simple and inexpensive electrical 
means. What is unique about PMN-PT PEPS is its ability to inher- 
ently enhance the detection resonance frequency shift by more than 
1000 times by the polarization orientation switching within the 
piezoelectric layer, which was induced by the surface stress gener- 
ated by the binding of the target analyte on the PEPS surface [4-9]. 
This enhancement is further amplified in DNA detection as the 
stress generated by a highly negatively charged DNA molecule to 
an already highly negatively charged probe DNA layer is drastically 
higher than that of a protein molecule to a charge-neutral antibody 
layer. As a result, PEPS exhibits unprecedented sensitivity in direct 
DNA detection without the need of DNA extraction, concentra- 
tion, or amplification. [ 3, 8, 10] “Hard” piezoelectric devises such 
as QCM and SAW have no switchable polarization thus no such 
enhancement [11]. In PZT PEMS (another piezoelectric sensor 
pioneered by Shih and Shih that also exhibit polarization switching- 
enhanced Af/f) the enhancement was ten times smaller [12-16] 
than PMN-PT PEPS due to substrate pinning in thin PZT PEMS 
(1 pm) on a silicon substrate | 14-16] that minimized polarization 
switching or the thickness (127 um) of the PZT layer in thick PZT 
PEMS made of commercial PZT [ 12, 13, 17] because the enhance- 
ment is inversely proportional to the thickness [6]. 

Gene mutation is an important form of genetic defects that play 
a central role in cancer pathways. Detecting gene mutation is 
essential for cancer diagnosis, therapy decision, and therapy efficacy 
monitoring. The challenge for gene sequencing from solid tumor 
samples is that therapeutic decision making based on a single biopsy 
can be very difficult due to tumor heterogeneity [18]. Further- 
more, the biopsy procedures used for removing tissues from cancers 
of the internal organs are highly intrusive and expensive and not 
performed in some cases due to the increased risk of tumor seeding 
to other sites [19]. These shortcomings make it highly desirable if 
body fluids such as blood or urine can be used for cancer genetic 
marker detection. 

PCR has been the method of detecting circulating deoxyribo- 
nucleic acid (DNA) markers in serum or urine. To detect gene 
mutation, PCR is typically followed with melting temperature anal- 
ysis to differentiate mutant (MT) from the wild type (WT), the 
normal form of the gene. So far, detecting mutations in sera or 
urine has been challenging because (1) the melting-temperature 
difference between a single-nucleotide MT and the WT can be only 
a few degrees [20], (2) the concentrations of circulating MT mar- 
kers are exceedingly low (much lower than 107'® M or 600 copies / 
mL) [21], (3) circulating MT markers are typically outnumbered by 
the WT by a factor of 240 or larger [22], and (4) transrenal DNA 
exist in urine in the form of short fragments often less than 200 
base pairs (bp) [23], and PCR suffers from amplicon size, where 
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only a small amount of the naturally occurring fragments in urine 
can be amplified [22, 24]. These combinations make it difficult to 
detect circulating mutations sensitively and specifically. Therefore, 
if there is a genetic detection method that can detect genetic 
mutations in short DNA fragments of less than 200 bp at concen- 
trations lower than aM (107'® M) and in a background of more 
than 240-fold wild type (WT) without the need of DNA isolation 
or amplification it would be ideal for reliably detecting circulating 
genetic mutations in urine that can greatly help cancer diagnostics 
and treatment decision and monitoring. 

In an earlier study, we have shown that flow can create a force to 
impinge on the DNA bound on the probe on the sensor surface 
[25]. Because the probe is complementary to MT but not WT the 
bonding of WT to the probe is weaker than that of MT to the 
probe. As a result, less WT will remain bound on the probe than 
MT by the flow impingement force. We have shown that detect MT 
in a flow by controlling the flow speed together with temperature is 
more specific than detecting MT by controlling the temperature 
alone without a flow [25]. In fact, by controlling the flow rate and 
temperature, PEPS was shown capable of detecting a double muta- 
tion, hepatitis B virus double mutation (HBVDM), in a back- 
ground of 250-fold WT in a flow and in situ [26]. Since it is 
harder to detect a point mutation than a double mutation against 
the WT it would be of interest to examine if using similar flow speed 
and temperature controls one could also detect point mutations 
with high specificity against the WT for circulating mutation detec- 
tion applications where the WT outnumbers the MT by more than 
240-fold [22 |. 

KRAS mutations are point (single-nucleotide) mutations 
(PMs) at codons 12 and 13 and less frequently at codon 61 that 
occur in about 50% of colorectal cancers [27 ] and more than 80% of 
pancreatic cancers | 28 ]. In this study investigate in situ detection of 
KRAS point mutation (PM) in urine against the WT in real time 
using a PEPS coated with locked nucleic acid (LNA) probe in a flow 
and with temperature control but without DNA isolation or ampli- 
fication. Among the seven most common KRAS mutations, 
codon-12 GGT to GTT point mutation (Glycine to Valine) 
(G12 V) is associated with a higher mortality rate [29]. Frequency 
of this mutation among KRAS mutated colorectal cancers is 
21.9-24.4% [30]. We will use the KRAS G12 V PM as the model 
PM. Specifically, we will use a 50-nt KRAS PM as the model MT. 
To increase the melting-temperature difference between the MT 
and WT and enhance the specificity of mutation detection [31-38], 
we have designed and immobilized an LNA-containing probe on 
the PEPS surface and carried out in situ KRAS PM MT detection 
against the WT at a temperature below the melting temperature of 
the MT but above that of the WT and with a flow rate of 4 mL/ 
min. We showed that the PEPS positively and specifically detected 


2 Materials 


Table 1 
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the KRAS G12 V PM MT at a concentration of 60 copies/mL 
(100zM, or 107}? M) in a background of 1000-fold WT and 
further validated the MT detection by following with in situ fluo- 
rescent reporter microspheres (FRMs) detection and by visualizing 
the fluorescent colors of FRMs. The numbers of captured MT 
FRMs outnumbered the captured WT FRMs by a factor of 4 to 1, 
indicating the specificity of PEPS single-nucleotide PM detection 
even when the samples contains 1000-fold WT. 


. The probe is a single-stranded 17-nt LNA probe synthesized by 


Exiqon as shown in Table 1. 


. The MT, a 50-nt single-stranded DNA, containing the 


sequence complementary to the probe, plus 33 nt of the imme- 
diately upstream sequence as shown in Table 1 was synthesized 
by Sigma. 


. The WT, a 50-nt long single-stranded DNA, containing the 


sequence complementary to the probe except for the point 
mismatch plus 33 nt of the immediately downstream sequence 
as shown in Table 1 was synthesized by Sigma. 


. MTrDNA, a single-stranded DNA complementary to the 33- 


nt upstream sequence of the MT, which was amine-activated 
with a 7-PEG spacer at the 3’ end to be conjugated to MT 
FRMs as shown in Table 1 was synthesized by Sigma. 


Sequences of the probe, MT, WT, MTrDNA, and the WTrDNA and the melting temperatures (Tm) of MT 
with probe, WT with probe, MTrDNA with MT, and WTrDNA with WT 


Type of DNA 
Probe(17 nt) 
MT(50 nt) 


WT(50 nt) 


MTrDNA 
(33 nt) 


WTrDNA 
(33 nt) 


Sequence (5’—3’) ln, 
Amine-(PEG)12-TGGAGCTGTIGGCGTAG = 
TCTGAATTAGCTGTATCGTCAAGGCACTCTTGCC 70 °C (Probe to MT 


TACGCCAACAGCTCCA 

CTACGCCACCAGCTCCAACTACCACAAGTTTATATT 55°C (Probe to WT) 

CAGTCATTTTCAGC 

GCAAGAGTGCCTTGACGATACAGC 78.5 °C (MIrDNA to 

TAATTCAGA-(PEG)7-Amine MT) 

Amine-(PEG)12- 73.6 °C (WIrDNA to 
GCTGAAAATGACTGAATATAAACTTGTGGTAGT WT) 


Note that the site where the mutation occurs is italic and bold in the MT, WT, and probe and the LNA bases in the probe 
are underlined. The melting temperatures were estimated using a 115 mM salt concentration consistent with urinary salt 
content [39, 40] and a LNA/DNA concentration of 50 nM. 
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5. 


WTrDNA, a single-stranded DNA complementary to the 33- 
nt downstream sequence of the WT, which was amine-activated 
with a 12-PEG spacer at the 5’ end to be conjugated to WT 
FRM s as shown in Table 1 was synthesized by Sigma. 


. MT FRMs which emitted blue light (Bright Blue (BB) (= 


Coumarin)) with excitation maximum at 360 nm and emission 
maximum at 407 nm was synthesized by Polysciences. 


. WT FRMS, which emitted yellow-green light (Yellow Green 


(YG) (& Fluorescein )) with excitation maximum at 441 nm and 
emission maximum at 486 nm was synthesized by Polysciences. 


. Thermal evaporation (Thermionics VE 90). 


. Wire saw cutting (Princeton Scientific Precision, Princeton, 


NJ). 


. Conductive glue ((XCE 3104XL, Emerson and Cuming Com- 


pany, Billerica, MA). 


. Nonconductive glue (Loctite 1C Hysol Epoxy Adhesive). 
. Bovine serum albumin (BSA) (Sigma). 
. 3-mercaptopropyltrimethoxysilane (MPS) (Sigma). 


. Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane- l-car- 


boxylate (sulfo-SMCC) (Pierce). 


. Incubator (Digital Control Steel Door Incubator 10-180E, 


Quincy Lab). 


. Agilent 4294A electrical impedance analyzer (Agilent 


Technologies). 


. Resonance spectra and resonance frequency shift with time 


during detection were measured by a portable AIM 4170 C 
impedance analyzer (Array Solutions). 


. Peristaltic pump (Cole-Parmer 77,120-62). 


. Fluorescence Imaging was carried out using a fluorescence 


microscope (Olympus BX51). 


. Gold nuggets for thermal evaporation of gold electrodes 


(Lesker). 


. Chromium nuggets for thermal evaporation of chromium 


bonding layers before gold deposition (Lesker). 


. Gold wires (Kulicke & Soffa). 
. Glass substrate (Fisher). 
. D350/50, D460/50 filter, HQ545/30 and 400 nm long-pass 


filter (Chroma). 


. MatLab (MathWorks). 


. Material for flow cell fabrication is polycarbonate (Interstate 


Plastics). 


. Nb2Os; (99.99%, Aldrich), Mg(NO3) 2-6H2O (Aldrich). 


3 Methods 


3.1 Fabrication of 
PMN-PT Freestanding 
Film 


28. 
29. 


30. 
31. 


32. 


33. 
34. 
35. 
36. 
TE 
38. 
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Titanium isopropoxide (Ti(OCH(CH3)>,)4, 99.9% Alfa Aesar). 


Lead acetate anhydrous (Pb(CH3COO)),.2Pb(OH)s,, Fluka, 
St. Louis, MO). 


NH,OH (5 M, Aldrich). 

Ultrasonication (50 MHz, 50 W, Ultrasonic Homogenizer 
4710 series, Cole-Parmer Instrument Co., Vernon Hills, IL). 
Ethylene glycol (EG) (HOCH,CH,2OH, Alfa Aesar, Ward 
Hill, MA). 

Hotplate (Cole-Parmer), Furnace (Carbolite). 

Ball milling machine (Paul O. Abbe). 

Doctor blade (Tape Casting Warehouse, Morrisville, PA). 
Mylar film (Tape Casting Warehouse, Morrisville, PA). 
Ethanol (Fisher), phosphate buffer saline solution (Fisher). 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) 
(Pierce), sulfonated N-hydroxysuccinimide  (sulfo-NHS) 
(Pierce). 


. [Pb(Mg) /3Nb2 /3)O3 |o.65[| PbT103]o.35 (PMN-PT) powder 


was synthesized using a double precursor coating approach 
[2] First, 5.38 g of Mg(NO3) 26H20 were dissolved in 
100 mL of DI water and 5.26 g of Nb,Os powder were 
added to the solution and ultra-sonicate for 10 min to break 
up the Nb2,O; agglomerates. To precipitate Mg(OH) on the 
Nb2Os surface, a tenfold diluted NH4OH solution was added 
to the suspension dropwise until the pH was 10.5 followed by 
continuous stirring for 30 min. 


2. The suspension was then dried at 150 °C on a hotplate. 


. After drying, the Mg(OH),-coated Nb,Os powder was sus- 


pended in a lead acetate anhydrous solution in ethylene glycol 
(EG) with 15% excess lead. 


4. The suspension was then dried at 230 °C on a hotplate. 


. The dried powder was calcined in a furnace at 800 °C for 2 h to 


obtain crystalline lead magnesium niobate (PMN). 


. The obtained PMN powder was suspended in an EG solution 


of lead titanate (PT) precursor solution with containing lead 
acetate anhydrous and titanium isopropoxide and ball milled 
for 24 h. 
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3.2 PEPS Fabrication 
and Electrical 
Insulation 


7 


10. 


l. 


. The ball-milled powder was dried at 230 °C on a hotplate 


followed by heat treatment at a rate of 1 °C/min to 500 °C 
in a furnace for 2 h to burn out the organics. 


. The obtained powder was then dried and ball-milled with 


proprietary dispersants, binders, and plasticizers for 48 h to 
obtain the slurry for tape casting. 


. The slurry was then poured in a doctor blade to cast the green 


tape on a mylar film. 


The green tape was then heated in a furnace at 500 °C for 4 h 
to burn out the organics followed by sintering in a furnace at 
1175 °C for 2 h. 


The PEPS was 1.2 mm long and 0.45 mm wide fabricated from 
(PbMg) /3Nb2 /303)0.65-(PbT103)o.35 (PMN-PT) freestanding 
films 8 pm thickness that was coated with 110 nm thick Cr/Au 
electrode by thermal evaporation cut into 2.5 mm by 0.45 mm 
strips by a wire saw as shown in the insert of Fig. Ic. 


. Gold wires, 10 um in diameter, were glued to the top and 


bottom electrodes of each strip using conductive glue. 


. The rear end of the strip was fixed on a glass substrate by a 


nonconductive glue to form the PEPS geometry and the piezo- 
electric properties of the sensor was realized by aligning the 
polarization (poling) with an electric field of 15KV/cm at 
90 °C for 60 min in an incubator. 


. The relative dielectric constant of the PEPS was measured to be 


about 1800 using an Agilent 4294A electrical impedance ana- 
lyzer, with a loss factor of 2.8% at 1 kHz. 


. The PEPS was electrically insulated to stabilize the resonance 


peaks for in-liquid detection by using a new MPS solutions 
coating scheme involving enhanced MPS cross-linking at 
pH = 9.0 with 0.1% of MPS and 0.5% of water in ethanol 
[41]. The coating solution was replaced with a fresh one every 
12 h until the resonance peak frequency was stable in phosphate 
saline buffer (PBS) solution. 


. The MPS insulation also served as the anchor to immobilize the 


probe via the bifunctional linker sulfo-SMCC. The pKa of thiols 
is about 10.5. Under the coating conditions at pH = 9.0 or the 
immobilization conditions at pH = 7, most of the thiols were 
unoxidized and good for the immobilization because malei- 
mides of the sulfo-SMCC reacted with sulfhydryl groups at 
pH 6.5-7.5 to form stable thioether bonds. 


. A schematic of length extension mode (LEM) vibrations and 


that of width extension mode (WEM) vibrations of a PEPS are 
shown in the insert (I) and (II) of Fig. 1b, respectively. The 
impedance (blue) and phase angle (red) versus frequency 


3.3 Probe 
Immobilization, 
Nonspecific Binding 
Blocking, and FRMs 
Conjugation 
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resonance spectra around the first WEM peak frequency—which 
was taken as the peak frequency of the phase angle versus fre- 
quency spectrum—are shown in Fig. 1b. Because the phase- 
angle resonance spectrum was much more symmetric than that 
of the impedance, all the following detections were carried out 
using the phase-angle spectrum to track the WEM peak. At a 
given time, the frequency of the resonance peak was determine 
by first smooth the resonance peak by adjacent averaging fol- 
lowed by fitting the smoothed curve to more than 50 palabras of 
different frequency ranges and averaging over the all of the fitted 
resonance frequencies. 


. The probe is complementary to the sequence of the KRAS gene 


(Gene ID: 3845) centered around the KRAS G12 V PM with 
the 3 LNA bases also centred around the PM and amine- 
activated with a 12-polyethyleneglycol (PEG) spacer at the 5’ 
end. 


2. With the 3 LNA bases, the melting temperature for the probe 


with the MT was 70 °C and that for probe with the WT 55 °C. 
The difference between the melting temperature of the probe 
with the MT and that of probe with the WT was thus increased 
from 10 to 15 °C (see Note 1). 


. Sulfo-SMCC was dissolved in water followed by dilution in a 


phosphate buffer saline (PBS) solution to 5 mM concentration. 
To immobilize the amine-activated probe on the PEPS surface, 
the MPS-coated PEPS was first immersed in 200 uL of a5 mM 
sulfo-SMCC solution in PBS with the pH adjusted to 6.5 for 
l h. This would allow the maleimides of the sulfo-SMCC 
reacted with sulfhydryl groups on the MPS to form stable 
thioether bonds. The sensor was then washed three times with 
deionized water and then it was immersed in a solution of 10 uM 
amine activated probe dissolved in 200 pL of PBS (pH 8.0). The 
NHS-ester of the sulfo SMCC reacted with the amine group of 
the probe to form a peptide bond. 


. The probe immobilized on the MPS surface was quantified to be 


about 1.9 probes/nm7 using a 5-MHz quartz crystal microbal- 
ance (QCM) [42]. In the QCM test, the sulfo-SMCC and probe 
binding steps resulted in 15 Hz and 120 Hz resonance fre- 
quency shifts, respectively. This corresponds to an adsorbed 
sulfo-SMCC layer of 0.9 x 10°’ g/cm? and an adsorbed 
probe layer 7.2 x 107” g/cm” as calculated using the Sauerbrey 
equation. With the molecular weights of sulfo-SMCC and that 
of the probe being 436 and 4938 g/mol, respectively, these 
results corresponded to an adsorbed sulfo-SMCC layer with a 
density of 2.7 molecules/nm* upon which a probe layer immo- 
bilized with a density of 1.9 molecules/nm*. Thus, the SH of 
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Fig. 2 A schematic of the reactions linking a polystyrene FRM with an amine-linked rDNA. First, the carboxyl 
on the FRM reacted with EDC to form an o-acylisourea ester, which further reacted with sulfo-NHS to form an 
amine-reactive NHS ester on the FRM surface. The NHS ester on the FRM surface reacted with the amine at 
the 5’ end of an rDNA to form a peptide bond to covalently bond the rDNA on the FRM surface 


the MPS was proven to be effective to facilitate the immobiliza- 
tion of the probe DNA. 


5. A schematic illustrating the immobilization of the amine- 
activated probe on the PEPS surface via the thiol functionality 
of the MPS insulation layer is shown in the supplemental infor- 
mation of Reference [3]. 


6. After probe immobilization, the PEPS was treated with 3% 
bovine serum albumin (Sigma) in PBS for 1 h followed by 
washing five times with PBS. As demonstrated by the previous 
study, 3% BSA was sufficient to completely block nonspecific 
binding for DNA detection in urine. [3] 


7. The MT FRMs were covalently conjugated to MTrDNA and the 
WT FRMS to the WIrDNA [8, 25] as follows. Both MT FRMs 
and WT FRMs came capped with carboxyl (-COOH) groups 
on the surface. To conjugate a FRM with an amine-activated 
rDNA, the carboxyl on a FRM reacted with EDC to form an 
immediate o-acylisourea ester, which reacted with sulfo-NHS to 
form an amine-reactive NHS ester on the FRM surface. The 
bound NHS ester further reacted with the amine at the 5’ end of 
the rDNA to form a peptide bond to covalently bond the rDNA 
to the FRM surface. Figure 2 shows a schematic of these reaction 
steps. 
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8. A suspension of MT FRMs, WT FRMs, or an equal mixture of 
the two was run through the detection cell for 30 min following 
the detection of MT, WT, or a mixture of MT and WT as a 
follow-up in situ detection validation. The total volume of the 
suspension of the mixture of MT FRMs and WT FRMs was 
8 mL and the concentration was 1 x 10° FRMs/mL. At 
2 mL/min, this suspension was recycled 7.5 times in the 
30 min of the MT FRMs and WT FRMs follow-up in situ 
validation detection step. 


3.4 Spiked Urine 1. The flow system for carrying out the detection contained a 
Samples and Flow peristaltic pump (Cole-Parmer 77,120-62), a custom-made 
Setup flow cell where detection took place, reservoirs containing 


DNA-spiked urine samples, FRMs, and PBS interconnected 
with tubing of a 0.8-mm inner diameter as schematically 
shown in Fig. 3c. 


Mismatch 


(a) 





(b) 


5’ 

S Probe ow WT 
wh \WWNy MT "ls WTrDNA 
Nw MTrDNA MT J-M and WT FRMs 


Fig. 3 (a) A schematic of the relationship between probe, mutant (MT) target DNA, wild type (WT), MT reporter 
DNA (MTrDNA), and WT rDNA (WTrDNA) for KRAS point mutation, (b) the legend for schematic in (a), (c) a 
schematic of the flow system for mutation detection in urine and (d) a blow-up of the PEPS situated in the 
center of the flow cell 
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Fig. 4 A photograph of a flow cell machined from a polycarbonate block 


l. 


. The flow cell was 18.5 mm long, 3.5 mm wide and 5.5 mm deep 


(volume = 356 uL) connected to the sample reservoir. 


. Aschematic of the flow cell is shown in Fig. 3d. The flow cell was 


machined from a polycarbonate block. A photograph of a poly- 
carbonate flow cell is shown in Fig. 4. The total internal volume 
of the flow cell plus tubing was approximately 750 uL. 


. The urine came from one individual. The subject was free of 


HBV infection. The urine samples were collected in a “First 
Morning Specimen” manner, i.e., the bladder was emptied 
before bed and the sample was collected first thing in the morn- 
ing (see Note 2). A total of 11 such urine samples were collected 
for the study and visually there was no significant difference 
among these 11 urine samples and 21 more that were used for 
previous studies [3, 43 ]. 


. The flow was driven by the peristaltic pump and what flowed 


through the flow cell was controlled by the valves. 


. In each detection experiment, the volume of the DNA-spiked 


urine sample was fixed at 50 mL and the probe-coated PEPS was 
placed in the center of the flow cell. 


. The flow setup was placed inside an incubator for temperature 


control. 


. Because the flow cell was open, a 2-L water bath was included in 


the incubator to eliminate potential resonance frequency shift 
due to the changes in the flow-cell liquid level by evaporation. 


. The resonance spectra were measured using a portable AIM 


4170° C impedance analyzer. 


MT FRMs were imaged using a D350/50 filter for excitation 
and a 400 nm long-pass filter for emission. 


. WT FRMs were imaged by using a D460/50 filter for excitation 


and a HQ545 /30 filter for emission. 


3.6 Mutation 
Detection 
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3. MT FRMs image were then colored blue to denote that they 


were MT FRMs using MatLab. 


4. WT FRMs image were then colored orange to denote that they 


were WT FRMs using MatLab. 


5. Blue MT FRMs and orange WT FRMs images were merged 


l. 


2, 


using MatLab. 


An optical micrograph of the PEPS used for this study is shown 
as an insert in Fig. lc. 


The in-air and in-PBS phase angle versus frequency resonance 
spectra of the PEPS are shown in Fig. Ic. As can be seen, the 
base-line, the length-extension-mode (LEM) resonance peak 
and the width-extension-mode resonance (WEM) peak of the 
in-liquid spectrum were close to those of the in-air spectrum, 
indicating the effectiveness of the MPS insulation coating. In 
all of the following experiments the WEM peak of the phase- 
angle spectrum was monitored for detection. 


. The relative resonance frequency shift, Af/f, of the first WEM 


peak during the sulfo-SMCC bonding (30-60 min), the probe 
immobilization (60-90 min), the subsequent MT detection at 
100 pM in PBS (90-120 min) and the following MT FRMs 
detection at 1 x 10° FRMs/mL concentration in PBS 
(120-150 min), both a 2 mL/min is shown in Fig. ld. Also 
shown in the insert in Fig. ld is a schematic of the various steps 
involved in the immobilization process. The data depicted in 
Fig. 1d was generated using PBS at room temperature in order 
to illustrate that the various binding steps during surface func- 
tionalization, MT detection or FRM validation could be 
detected by the resonance frequency shift of the PEPS. For 
actual MT or WT detection in urine, there was a bovine serum 
albumin (BSA) blocking step right after probe immobilization 
in which the probe-coated PEPS was soaked in a 3% BSA 
solution for 30 min right before detection in urine to saturate 
any possible nonspecific binding sites such that no nonspecific 
binding could occur during detection in urine as described 
earlier [3]. 


. With the melting temperature for the binding of the MT to the 


probe being 70 °C and that for the WT to the probe being 
55 °C, we carried out the detection of 1 x 107° M of MT and 
WT in PBS at 55 °C, 60 °C, 63 °C, and 68 °C for 30 min to find 
the optimal temperature for specific MT detection against the 
WT. Three experiments were carried for each condition as 
described above (see Note 3). The resultant relative detection 
resonance frequency shift, Af/f is plotted with standard devia- 
tions in Fig. le. We then averaged out the Af/f of each detec- 
tion over 25-30 min. The resultant —Af/f at 25-30 min is 
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Fig. 5 A schematic representation of (a) MT detection (b) MT FRMs detection following MT detection, (c) Af/f 
versus time of MT detection followed by MT FRMs detection including the background signal collection in urine 
before (0—30 min) and after (90—120 min) the MT and FRMs detection, (d) WT detection (e) WT FRMs detection 
following WT detection, (f) Af/f versus time of WT detection followed by WT FRMs detection. Clearly, at 63 °C 
and at a flow rate of 4 mL/min, the detection —Af/f of 1 aM MT at t= 30 min (—Af/f = 0.2 x 107°) was much 
larger than that of WT at 100 f. at t= 30 min, (—Af/f < 0.1 x 107°), indicating the specificity of the MT 
detection at such detection conditions 


plotted in Fig. 1f with squares representing MT and circles 
representing WT (the left side of the double-y plot). The 
ratio of the —Af/f at 25-30 min of the MT to that of the WT 
is also plotted in Fig. lf as the triangles (the right side of the 
double-y plot). As can be seen the ratio of the —Af/f at 
25-30 min of the MT to that of the WT was maximal at 63 °C. 


5. Figure 5a, b show the schematic of the MT detection in urine in 
which MT containing urine flowed through the detection cell 
and that of the following MT FRMs detection in which the MT 


10. 


ll. 
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FRMs containing PBS flowed through the detection cell, 
respectively. Figure 5c shows the detection Af/f versus time 
of the MT detection in urine at various MT concentrations 
followed by the MT FRMs detection in PBS at 1 x 10° 
FRMs/mL. Note the background signal in blank urine (con- 
trol) before and after the MT and FRM detection steps were 
stable as shown in Fig. 5c in all the detection experiments. For 
simplicity, in all the following figures we will omit the back- 
ground signal sections to better highlight the detection results. 


. Figure 5d, e show the schematic of the WT detection in urine 


and that of the following detection of the WT FRMs in PBS, 
respectively. 


. Figure 5f shows the detection —Af/f versus time in urine at 


various MT concentrations followed by the detection of the 
WT ERMs in PBS at 1 x 10° FRMs/mL. Clearly, the detection 
—Af/f for MT at 1 aM (1 x 107'® M) at t= 30 min was about 
0.2 x 107°, which was still larger than the detection —Af/f of 
<0.1 x 107° for WT at 100 f. (1 x 107'* M) at ¢= 30 min, 
indicating the specificity of the MT detection by PEPS at the 
chosen detection conditions of 63 °C and 4 mL/min flow rate. 


. To see if PEPS detection of KRAS MT under the current 


detection conditions, i.e., 63 °C and a flow rate of 4 mL/min 
was indeed sensitive and specific, we carried out MT detection 
in a background of 1000-fold higher WT at various MT 
concentrations. 


. In Fig. 6a, we show the Af/f versus time of PEPS detection in 


urine containing a mixture of MT in a background of 1000- 
fold more WT at various MT concentrations followed by detec- 
tion in an equal mixture of 10° FRMs/mL of MT ERMs and 
10° ERMs/mL of WT ERMs in PBS. 


After the detection in the mixture of MT FRMs and WT FRMs 
and washing, the PEPS was examined using a fluorescent 
microscope and the obtained fluorescent images from detec- 
tion at various MT concentrations as described in Subheading 
3.5 are shown in Fig. 6b—e where the blue spots represent the 
MT FRMs and the orange ones WT FRMs. As can be seen, in 
all four MT concentrations (i.e., 100 zM, 1 aM, 10 aM, and 
100 aM) the blue MT FRMs outnumbered the orange WT 
FRMs. In addition, both the number of MT FRMs and that of 
the WT FRMs increased with an increasing MT concentration 
since the WT concentration was increased in proportion as 
well. 


In Fig. 7a, we plot the number of MT FRMs and that of WT 
FRMs versus the average —Af/f of MT detection ina MT/WT 
mixture as obtained from the —Af/f at t= 25-30 min in Fig. 6a. 
Clearly, both the number of the MT FRMs and that of the WT 
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Fig. 6 (a) Relative resonance frequency shift, Af/f versus time of PEPS detection of MT in a background of 
1000-fold more WT at various MT concentrations followed by detection in an equal mixture of 10° FRMs/mL of 
MT FRMs and 10° FRMs/mL of WT FRMs in PBS, (b), (c), (d), and (e) are respectively the fluorescent images of 
the PEPS obtained after the FRMS detection following the MT detections at 0.1 aM (100 zM), 1 aM, 10 aM, and 
100 aM MT concentrations where the blue color denotes the MT FRMs while the orange color denotes the WT 
FRMs, (f), (g), and (h) are respectively the schematic illustrating the PEPS in a mixture of MT and WT at 
t=0—30 min in (a), a schematic of the PEPS in a mixture MT FRMs and WT FRM at t= 30—60 min in (a), anda 
schematic of the PEPS after the final washing. That there were far more MT FRMs captured than WT FRMs in 
(b—e) indicates that the detection of MT was specific even in a background of 1000 times more WT 


FRMs increased roughly linearly with an increasing average 
—Af/f of MT detection with a MT FRMs/WT FRMs number 
ratio of about 4, validating that the Af/f obtained ina MT /WT 
mixture with a WT/MT ratio of 1000 was mostly due to the 
binding of MT on the PEPS surface such that the bound FRMs 
were mostly MT FRMs. These results are schematically illu- 
strated in Figs. 6f—-h. Figure 6f illustrates that even in a mixture 
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Fig. 7 (a) Number of MT FRMs (blue full circles) and that of WT FRMs (orange full 
Squares) obtained from Figs. 6b—e versus average PEPS MT detection —Af/f at 
t = 25-30 min taken from Fig. 6a. Note for each MT concentration the number of 
MT FRMs (blue) was still roughly four times higher than that of the WT even the 
concentration of the WT was 1000 times higher than that of the MT. This 
indicates that in each case more than 80% of the detection Af/f was due to 
the binding of the MT and that PEPS’s MT detection was specific even the 
concentration of the WT was 1000 times higher than that of the MT. (b) 
Comparison of —Af/f for detection averaged over t = 25-30 min of pure MT in 
Fig. 6c (black), that at 1000-fold pure WT taken from Fig. 6f (rea) and that in a 
mixture of MT in 1000-fold more WT as taken from Fig. 7a (blue). That the —Af/f 
in a mixture of MT in 1000-fold (blue) was similar to the sum of the —Af/f of MT 
and the —Af/f of 1000-fold WT more WT indicates that the presence of the 1000- 
fold WT had negligible effect on the MT detection. In addition, that the —Af/f of 
pure MT (black) was also roughly four times that of 100-fold pure WT (red), 
further confirming the specificity of the current PEPS single-nucleotide mutation 
detection 
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of MT with 1000-fold more WT, still more MT than WT were 
captured on the PEPS surface because the temperature and 
flow condition favored MT to bind to the probe on the PEPS 
surface. 


Figure 6g illustrates that in detection in an equal mixture of 
MT FRMs and WT FRMs following the detection in the mix- 
ture of MT with 1000-fold more WT, more MT FRMS would 
bond on the PEPS surface due to more MT captured on the 
PEPS surface. 


Figure 6h illustrates that the final PEPS surface had more 
bound MT FRMs with a MT FRMs/WT ERMs number ratio 
of about 4 after detection in the equal mixture of MT FRMs 
and WT FRMs and washing. 


To see how the detection of MT in a background of 1000-fold 
WT shown in Fig. 6a compared with detection in pure MT and 
that in pure WT in Fig. 5c, f, we plot in Fig. 7b the average 
—~Af/f over t = 25-30 min at 107}? M, 107?’ M, and 10° *” M 
in pure MT (black) as obtained from Fig. 5c, that at 1000-fold 
WT (red) as obtained from Fig. 5f, and that in a mixture of MT 
with 1000-fold WT (blue) as obtained from Fig. 6a (blue). As 
can be seen from Fig. 7b, the overall detection —Af/f in a 
mixture (blue) was somewhat smaller than that of pure MT 
detection at the same concentration (black), understandably 
due to the interference by the presence of the 1000-fold WT 
except at low concentrations where WT had a negligible effect 
due to the low concentrations (see Note 4). 


Note in Fig. 7b, the —Af/f of the pure MT detection (black) of 
all three concentrations were also roughly four times that of the 
pure WT detection at a 1000-fold higher concentration, con- 
sistent with the results from the detection in MT /WT mixture 
shown in Fig. 7a and further supporting that under the detec- 
tion conditions of 63 °C and 4 mL/min, roughly 80% (4 out of 
5) of the detection signals were due to MT even in a back- 


ground of 1000-fold WT. 


In Summary, we have examined the analytical sensitivity and 
selectivity of in situ detection of gene mutation in urine using a 
PMN-PT PEPS using KRAS G12 V point mutation (PM) as 
the model PM. The PEPS was coated with a 17-nt probe with 
three LNA bases around the mutated site that was complemen- 
tary to the KRAS PM and the detection was carried out in a 
flow with the PEPS located at the center of the flow with a flow 
rate of 4 mL/min and at 63 °C which was below the melting 
temperature of the MT with the probe but above that of the 
WT with the probe (see Note 5). The specificity of the mutation 
detection in a background of wild type was examined in situ by 
following with the detection in a mixture of blue MT FRMs 
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and orange WI FRMs and further confirmed by visual 
inspection of the colors of the bound FRMs. We showed that 
even in a background of 1000-fold wild type PEPS specifically 
detected the KRAS PM with an analytical sensitivity of 60 
copies/mL in urine without DNA isolation or amplification, 
which was validated by the fact that the captured blue MT 
FRMs still outnumbered the orange WT FRMs 4 to 1 even 
the WT outnumbered the MT by 1000-fold (see Note 6). 


. Given that the current probe was only 17-nt long with the 


mutated site in the middle (9th-nt), as long as the mutation 
site of a target MT is 8-nt or more from the edge of the target 
DNA, the binding of the probe to the target MT will have the 
expected melting temperature of 70 °C. 


. In urine most of the tumor derived cell free DNA fragments are 


low molecular weight (200 bp) [23]. The probability for the 
mutated site to be within 8 nt of either end would therefore be 
less than 8% on average. Thus, the current 17-nt probe would 
bind to the DNA fragments in urine with a probability of better 
than 92%. 


. The current hybridization temperature is not high enough to 


denature dsDNA. Detection of dsDNA will require denaturing 
the dsDNA prior to hybridization, which can be incorporated in 
the flow system in a continuous fashion and will be published in 
future publication. 


. In comparison, PCR needs two primers and one probe, thus 


would not be able to detect a MT with a mutation site as far off 
the center as 8 nt away from the edge. Conservatively assuming 
the two primers and the probe to be all 17-nt long, for the MT 
to be detectable, the mutation site must be 25-nt or more away 
from the edge, reducing the chances of detecting the MT to 
75%. Most of the primer and probe sequences in PCR are much 
longer than 17-nt long, which will further reduce the chance of 
detecting the mutation from the fragments. Clearly, the current 
method needs only a short probe is an advantage over PCR in 
detecting mutations from circulating DNA fragments. 


. Finally, the PEPS mutation detection method can be easily 


adopted for one-step multiplexed in situ mutations detection 
as illustrated for by simultaneous detection of the six codon 
12 KRAS mutations in one single test [10]. 


. The same methodology should also be able to detect mutations 


in circulating DNA from plasma or serum. The only difference is 
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that the sensor must be blocked with a higher concentration of 
bovine serum albumin (BSA) after probe immobilization and 
prior to detection to prevent nonspecific binding as plasma and 
sera contain higher concentrations of serum albumin [42 |. 
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Chapter 23 


Synthetic Cell-Based Sensors with Programmed Selectivity 
and Sensitivity 


Elvis Bernard and Baojun Wang 


Abstract 


Bacteria live in an ever changing environment and, to adapt their physiology, they have to sense the changes. 
Our current understanding of the mechanisms and elements involved in the detection and processing of 
these environmental signals grant us access to an array of genetic components able to process such 
information. As engineers can use different electronic components to build a circuit, we can rewire the 
cellular components to create digital logic and analogue gene circuits that will program cell behaviour in a 
designed manner in response to a specific stimulus. Here we present the methods and protocols for 
designing and implementing synthetic cell-based biosensors that use engineered genetic logic and analogue 
amplifying circuits to significantly increase selectivity and sensitivity, for example, for heavy metal ions in an 
aqueous environment. The approach is modular and can be readily applied to improving the sensing limit 
and performance of a range of microbial cell-based sensors to meet their real world detection requirement. 


Key words Cell-based biosensor, Synthetic gene circuit, Selectivity, Sensitivity, Heavy metals 


1 Introduction 


To adapt their physiology to the changing environment, bacteria 
have developed a plethora of sensors to probe their milieu. The 
different signals gathered through these sensors are processed and 
integrated by complex genetic networks involving the similar type 
of logical operations we can find in a computational circuit. Hence, 
similarly, such biological components (genetic sensors and circuits) 
could be rewired to generate modular and programmable biosen- 
sors |1]. 

A typical biosensor consists of three cascaded modules: an input 
sensor, a regulatory circuit, and an output actuator (Fig. 1). A huge 
variety of genetic sensors have been developed through the evolu- 
tion and virtually all stimuli could be sensed by an organism or 
another. Beside the large range of light-based outputs that have 
been developed during the last few decades, alternative outputs like 
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Fig. 1 Architecture of a modular synthetic cell-based biosensor. The cellular sensor comprises three 
interconnected and exchangeable modules, i.e., the input sensors, the internal genetic information processing 
circuits and the output actuators. The cells are engineered using various natural or synthetic sensors such as 
sensor kinases or intracellular receptor proteins to detect environmental signals and genetic circuits such as 
analog transcriptional amplifiers or digital-like AND logic gates to modulate and integrate these multiple input 
signals. The programmed cells can then initiate customized responses by activating different output genes 
according to the logic decision transmitted upstream. Adapted with permission from [4] 


the production of specific chemicals or the change of motility or 
morphology may also be generated. One big challenge in the 
development of advanced cell-based biosensors is the design of 
embedded genetic information processing circuits but great prog- 
ress has been made in the last decade and the toolbox for engineer- 
ing gene circuits continuously expands and more complex circuits 
has become possible [2, 3]. Moreover, as we will exemplify later, by 
carefully designing the embedded genetic circuit, we can engineer a 
biosensor with sophisticated function. 

By taking advantage of the ability of specialized bacteria to 
sense particular compounds in their environmental niche, a range 
of single input-sensors have been constructed to detect pollutants 
like arsenic [4], xylene, or even explosives [5]. Multi-input biosen- 
sors have also been constructed and found their utilities in the 
identification of complex conditions such as the precise detection 
of a cancer disease [6]. For instance, we may connect the inputs of a 
multi-input AND logic gate to pathogenicity-related cellular sig- 
nals and couple the device output to a therapeutics such as a suicide 
gene to achieve specific in vivo cell targeting and killing. 

Here we describe the strategies and methods for designing and 
characterizing highly sensitive and selective synthetic cell-based 
sensors that use engineered digital-like genetic logic gates or ana- 
logue transcriptional amplifiers to process the transduced sensory 
signals. Cellular sensors containing relative small circuits have been 
chosen below to illustrate the design method on purpose. 


1.1 Design and 
Engineering of 
Synthetic Cell-Based 
Sensors 
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However, readers interested in advanced sensors with more com- 
plex gene circuits such as a 3-input AND gate [4, 7] or a tunable 
transcriptional amplifier [8] may refer to our previous published 
works [4, 7-9]. In the following examples, we used a fluorescent 
reporter as the sensor output but it can be readily swapped to a 
more application-oriented output if needed. 


In general, synthetic cell-based sensors could be built in two differ- 
ent manners |10, 11]. In the first case, we can use the host endoge- 
nous genetic pathways and rewire the final output of a relevant 
pathway to a desired reporter gene. Because the whole pathway 
comes from the same organism as the one where the cellular sensors 
will operate, it is unlikely that these sensors will not be functional. 
However, the cell native signalling systems have evolved to respond 
to their cognate ligands with a particular sensitivity, selectivity and 
dynamic ranges, and are therefore not optimized for direct reuse in 
environmental biosensing. Among the issues we may encounter, 
the sensor high basal activities and low output dynamic range may 
be addressed by tuning the translational rate of the output reporter 
gene or its protein lifetime e.g., using a degradation tag. Another 
potential issue in using inherent signaling sensor is the lack of 
sufficient sensitivity. As we have shown previously, this may be 
addressed by tuning the concentration of the cognate sensor recep- 
tor protein in the cytoplasm [12]. Since the different signalling 
components of the cellular sensors are inherent to the host, the 
sensor circuits may be crosslinked to other components present in 
the same organism and thus could be more prone to variation in 
response to change in the environment or the growth condition. 

In the second case when the host chassis could not be able per 
se to sense the signal we intend to detect, we may resort to import- 
ing heterogeneous signalling pathway and sensors from other 
specialized bacterial species. Indeed, many microorganisms have 
evolved to use different substrates present in their native environ- 
ment. However, to avoid unnecessary energy spending, most of 
these modules will be only induced in presence of these substrates. 
Since the different imported components are not derived from the 
host, their compatibility with the endogenous machineries and 
their functionalities are not guaranteed in the new host chassis. 
Each part needs to be characterized and optimized separately. On 
the other hand, as the genetic circuit is not an integrative part of the 
host, the potential interference between the synthetic circuit and 
the endogenous pathways present in the host should be low or 
negligible compared to an endogenous circuit. 

As shown in Fig. 2, the simplest synthetic cell-based sensors 
may only consist of an output reporter expressed from a signalling 
promoter or with the further incorporation of a receptor gene. 
Here we present exemplar results for four different single-input 
sensors that have been constructed in E. cols TOP10 for sensing 
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Fig. 2 Design and characterization of a set of single-input cellular biosensors. (a) The arsenic sensor were 
characterized under various arsenite concentrations (0, 0.125, 0.25, 0.5, 1.0, 1.2, 2.0, 4.0, 8.0, 16.0, 32 uM 
NaAsO-). (b) The mercury sensor was characterized under various HgCl> levels (0, 0.0625, 0.125, 0.25, 0.5, 
1.0, 2.0, 4.0, 5.0, 6.0 uM). (c) The zinc or lead sensor was characterized under various ZnCl./PbCl> levels 
(0, 0.0041, 0.0123, 0.037, 0.111, 0.222, 0.333, 0.5, 0.75, 1, 1.2 mM). (d) The cadmium or zinc sensor was 
characterized under various levels of CdCl. (0, 0.00137, 0.0041, 0.0123, 0.037, 0.111, 0.222, 0.333, 0.4 mM) 
or ZnCl. as the same as indicated in (c). E. coli TOP10, LB, 37 °C, 6 h post induction. Error bars, s.d. (n = 4). 
a.u. arbitrary units 


heavy metal ions in an aqueous environment | 3 |. The first one is the 
arsenic sensor (Fig. 2a) derived from the pathway that naturally 
confers resistance to high concentration of arsenic in Escherichia 
coli. The second sensor is a mercury sensor (Fig. 2b) built using the 
mercury resistance module present on the R100 plasmid from 
Shigella flexnert. These two examples represent the design of an 


1.2 Engineered 
Genetic AND Logic 
Gates Enable Highly 
Selective Biosensors 
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endogenous sensor and the design of a heterogeneous sensor 
respectively. The receptor gene arsR is expressed to allow tuning 
the sensitivity and dynamic range of the arsenic sensor |12] while 
the mercuric receptor gene merR is necessary for the mercury 
sensor. The last two single-input sensors are two zinc responsive 
sensors. The construction of these genetic sensors relies on the 
endogenous signaling systems present in the cell: the two compo- 
nent system ZraSR and the one component ZntR sensor. Under 
these circumstances, only the cognate regulatory promoter (P.,,.p 
or Pynta) is used and coupled to an output reporter (gfp). As shown 
in Fig. 2c, d, the two sensors respond to the presence of not only 
zinc but also other metals (i.e., lead or cadmium). Such lack of 
specificity can be addressed by the use of a genetic AND gate as 
described below. 


A multi-input AND gate is characterized by the feature that its 
output is ON only when all the inputs are ON at the same time. 
Such logic gate can be very useful to increase the selectivity of a cell- 
based biosensor [4]. As illustrated in Fig. 3a, with the incorporation 
of more individual nonspecific sensors, the intersection between 
these sensors will become narrower. Thus increased sensing selec- 
tivity can be obtained using an AND logic gate to couple these 
sensors. Such genetic logic gates may be generated using split or 
heteromeric activators or specific promoters requiring two or more 
activator proteins to be active such as the 2- or 3-hybrid system used 
for protein-protein interaction assay. 

Previously we have engineered a modular and orthogonal 
genetic AND gate in E. coli [9]. The modular two-input AND 
gate comprises two heterologous genes, WrpR and hrpS, and one 
o°*-dependent output promoter, Pror, from the Arp (hypersensi- 
tive response and pathogenecity) regulatory system of the plant 
pathogen P. syringae (Fig. 3b). The brpR and hrpS encode two 
regulatory enhancer binding proteins that act synergistically by 
forming a heteromeric protein complex to co-activate the tightly 
regulated Ppr promoter. Both the inputs and output of the AND 
gate were designed to be promoters to facilitate their connection to 
different upstream and downstream transcriptional modules. Due 
to this modularity, the inputs can be rewired to different input 
sensors and the output can be used to drive various cellular 
responses. 

To design a logic AND-gated cellular biosensor, we connected 
two transcriptional inputs of the single input sensors to the modu- 
lar genetic AND gate with gfp as the output readout. Figure 3c 
shows the design and characterization of a double-input AND 
gated biosensor that can distinguish between Zn** and Pb°™ or 
Cd?" [4]. The sensor circuit employs Pap (responsive to Zn** and 
Pb?*) and Panza (responsive to Cd*t and Zn**) as the sensory 
inputs to the AND gate and the gfp as the output reporter. Because 
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Fig. 3 Design and characterization of a two-input AND logic gated cellular biosensor. (a) Venn diagram illustrating 
a multi-inout AND logic gate. The number of substrates (represented by different shapes) recognizable by the 
whole set of sensors decreases when the number of sensors increases. (b) Schematic showing the HrpR/HrpS 
hetero regulation motif in the hro system of P. syringae. The hrp (hypersensitive response and pathogenicity) 
system in Pseudomonas syringae pv. tomato DC3000 determines its ability to cause disease in the plant host. 
The o°4-dependent hrpL promoter is the primary regulator of this system and is activated by the hetero HrpR and 
Hprs bacterial enhancer-binding proteins. (c) Design of the AND-gated sensor with increased selectivity to zinc 
ions. (d) The AND logic gated zinc sensor was measured using various levels of ZnClo or PbCl. (0, 0.0041, 
0.0123, 0.037, 0.111, 0.222, 0.333, 0.5, 0.75, 1, 1.2 mM) or CdCl, (0, 0.00137, 0.0041, 0.0123, 0.037, 0.111, 
0.222, 0.333, 0.4 mM). E. coli TOP10, LB, 37 °C, 6 h post induction. Error bars, s.d. (n = 4) 
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both of the two sensory inputs have to be activated in order to 
generate the fluorescent output, this AND logic gated sensor is 
only responsive to Zn** but not Pb** or Cd** in conditions 
containing only a single contaminant of these metals. The dose 
response curves of the sensor to Zn**, Pb** or Cd** confirm 
that the sensor is not only highly selective to zinc but also has an 
increased absolute fluorescent output, i.e., signal-to-noise ratio 
(Fig. 3d). 


When the sensitivity or output amplitude of a genetic sensor is low, 
genetic amplifiers can be used to scale up the transduced transcrip- 
tional signal from the input sensor. By doing this, the sensitivity 
and output dynamic range of these sensors can be significantly 
increased to meet their real world detection limits. For example, 
the WHO safe limit for arsenic in drinking water is 10 ppb, i.e., 
0.133 pM [12]. 

Previously we have engineered a set of modular genetic ampli- 
fiers in E. coli capable of amplifying a transcriptional signal with 
wide tuneable gain control in cascaded gene networks [8]. The 
fixed-gain amplifier was built by expressing in an operon the coop- 
erative activator proteins, HrpR and HrpS, whose high order func- 
tional forms synergistically activate the downstream tightly 
controlled o°*-dependent Py,» promoter, thus assisting amplifica- 
tion of the transcriptional input signal (Fig. 4a). To obtain different 
amplification gains, two configurations of the amplifier (Amp32° 
and Amp30°) were designed using two RBS (ribosome binding 
site) sequences of distinct translational strengths [9 | in front of the 
hrpS gene. Amp30°%, with a strong RBS sequence (rbs30), should 
produce a higher signal gain than Amp32© with a weaker RBS 
sequence (rbs32). 

To verify their amplification capability, we connected the arse- 
nic responsive transcriptional sensor to the input of the fixed gain 
amplifier with gfp as the output. By itself, the arsenic sensor gener- 
ated a transcriptional output with limited dynamic range and sensi- 
tivity in response to varying levels of arsenite (Fig. 2a). When the 
transduced transcriptional input from the arsenic sensor was 
connected to our amplifier, the resulting output signal amplitude 
and dynamic range increased significantly, as well as the response 
sensitivity to the inducer (Fig. 4b) for both devices (Amp32° and 
Amp30°). 
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Fig. 4 Engineering and characterization of the arsenic sensor enhanced by transcriptional amplifiers Amp32° 
and Amp30°. (a) The transcriptional amplifier comprises two terminals corresponding to the signal input and 
signal output. Here two amplifiers with different gains, Amp32° and Amp30°, are designed by using two different 
RBS sequences ahead of the hroS gene. An arsenic responsive sensor is the input signal and gfp the output. 
(b) Steady state responses of the arsenic sensor without amplification and with amplification by Amp32° and 
Amp30°. The cells are induced by 12 varying concentrations of arsenite (0, 0.125, 0.25, 0.35, 0.5, 0.75, 1.0, 2.0, 
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. 96-well microplate (Greiner Bio-One, chimney black, flat clear 


bottom, Catalog No.655096). To prevent fluorescence spill 
from neighbouring wells, the wall of the wells should not be 
transparent and black wall gives better result than the white 
one. The presence of a lid will reduce the evaporation and also 
prevent potential contamination of the sample during the 
growth. The lid (Greiner Bio-One, Catalog No. L3911- 
100EA) should be transparent to the different lights used 
during the measurement. 


. Plate reader such as the BMG Labtech FLUOstar fluorometer 


for repeated absorbance (OD at 600 nm) and green fluores- 
cence (485 nm for excitation, 520 + 10 nm for emission, 
Gain = 1200, bottom reading) or red fluorescence (584 nm 
for excitation, 620 + 10 nm for emission, Gain = 2000, bot- 
tom reading) readings (20 min/cycle) (see Note 1). 


. Plate shaker such as the BMG Labtech THERMOstar. While 


this is not mandatory, it allows culturing and characterization 
up to four 96-well plates at the same time by incubating the 
plates at appropriate temperature with continuous shaking. 


4. A spectrophotometer and associated 1 ml cuvettes. 


. A repetitive pipette (Gilson REPETMAN Electronic Pipette 


0.1-50 ml, F164503) for fast loading cell culture into 96- 
well plates, and associated repet tips (e.g., Fl64550—5 ml 
syringe tips; F164560—12.5 ml syringe tips). 


. A multichannel pipette (Gilson PIPETMAN Concept Multi 


C8x10 1-10 ul, F31032) for fast loading sample inducers 
into 96-well plates. 


. A range of dilutions of culture inducers. In this study, we use 


arsenic in its arsenite form (Catalog No. 35000-1L-R, Sigma- 
Aldrich, St Louis, MO) as inducer. To characterize the sensor 
cell response to different arsenite concentrations, we use a serial 
dilution in deionized water, for example, 0, 0.125, 0.25, 0.5, 
1.0, 2.0, 4.0, 8.0, 16.0 uM. 


. LB (Luria-Bertani Broth) media (10 g/L peptone, 5 g/L 


NaCl, 5 g/L yeast extract) for cell culture. 


. Relevant antibiotics. The antibiotic concentrations used in the 


final cell culture are 50 pg/ml for kanamycin and 50 pg/ml for 


a 


Fig. 4 (continued) 4.0, 8.0, 16, 32 uM NaAsO.). (c) The scatter plot shows the linear relationships between 
the non-saturated transcriptional inputs (the signal inputs that do not lead to maximum output level of the 
device) and the amplified outputs of Amp32° and Amp30° by fitting to a linear function. E. coli TOP10, LB, 
37 °C, 5 h post induction. Error bars, s.d. (n = 3) 
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Fig. 5 Plasmid maps showing some representative circuit constructs used in this chapter. (a) The plasmid for 
encoding the single input arsenic sensor with gfp as the output (Fig. 2a). (b) The plasmid for encoding the 
single input mercury sensor with gfp as the output (Fig. 2b). (c) The plasmid for encoding the AND gated zinc 
sensor with gfp as the output (Fig. 3c, d). (d) The plasmid for encoding the fixed-gain amplifier Amp32° with 
the arsenic sensor as input and gfp as the output (Fig. 4) 


ampicillin. The stock solution is generally prepared 1000x 
concentrated in deionized water. 


10. Cell strain containing the empty plasmids without the reporter 
gene (negative control). 


11. Cell strain containing the circuit plasmids to characterize. 
Some representative sensor plasmid constructs used in this 
work are shown in Fig. 5. 


3 Methods 


3.1 Design and 
Constructing the 
Sensor Genetic 
Constructs 
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1. The sensor construct design is generally based on various sen- 


sory components that have been reported in different bacterial 
species in the literature. Hence, one can search relevant genomic 
database to extract the useful related genetic sequences, design 
the sensor accordingly (see Note 2) and then synthesize them de 
novo by a commercial gene synthesis company before cloning 
them into a customized plasmid (Fig. 5a, b) [4]. 


. Alternatively, one can request the reported sensor elements/ 


bacterium from the authors of the relevant literature and then 
apply standard molecular biology methods (e.g., PCR, restric- 
tion enzyme digestion and ligation, sequencing) to clone them 
into a customized expression plasmid. As an example, for the 
transcriptional amplifier sensor circuit described in Fig. 5d, 
hrpR, hrpS, Pypr and the arsenic responsive sensor construct 
arsR-P anr were synthesized by gene synthesis company Gen- 
eArt following the BioBrick standard by eliminating the four 
restriction sites (EcoRI, XbaI, Spel, and PstI) for the BioBrick 
standard via synonymous codon exchange and flanking with 
prefix and suffix sequences containing the appropriate restriction 
sites and ribosome binding site (RBS) sequences. The double 
terminator BBa_B0OO15 from the Registry of Standard 
Biological Parts (http: //partsregistry.org) was used to terminate 
gene transcription. The GFP (Green Fluorescent Protein, 
Ofpmut3b, BBa_E0840) reporter was from the Registry of Stan- 
dard Biological Parts (http://partsregistry.org). The various 
RBS sequences (rbs30 and rbs32) for each gene construct were 
introduced with PCR primers if necessary (amplification utilized 
high-fidelity Phusion DNA polymerase from NEB and an 
Eppendorf Mastercycler gradient thermal cycler). The sensor 
circuit construct was assembled following the three-way Bio- 
Brick DNA assembly method into plasmid pSB3K3 (p15A ori, 
Kan‘) and verified by DNA sequencing prior to its use [8]. For 
brevity, we will not elaborate on the design and cloning proce- 
dure of other sensor plasmid constructs here, but interested 
readers can refer to our previous publications for details [4, 7, 
8, 12]. 


. To obtain the final sensor cell strain, the sensor plasmid con- 


structs built above can be transformed directly into a target cell 
strain (e.g., E. colt TOP10) following either a chemical or elec- 
troporation transformation protocol. At the same time, a nega- 
tive control strain will also need to be constructed using the 
corresponding reporter-free plasmids. 
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3.2 Preparing 
Sample Inducers at 
Different Dilutions/ 
Concentrations 


3.3 Culturing and 
Assaying Sensor Cell 
Samples 


Ls 


For induction of cell culture samples, we generally add 5 ul 
inducer to 195 ul cell culture. So the different stock solutions 
of inducers that will be used should be 40x concentrated of 
their final concentration in the media. 


. For example, to obtain the 16 uM target arsenite induction, add 


16 ul of 50 mM NaAsO, (stock solution) to 1234 pl of deio- 
nized water in a microtube to obtain 1.25 ml of a 640 uM 
arsenite solution (16 pM x 40). 


. Add 500 ul of the previous solution (16 uM) to 500 ul of 


deionized water to obtain 1 ml of a 320 uM arsenite solution 
(8 uM x 40). 


. Add 500 ul of the previous solution (8 M) to 500 ul of deio- 


nized water to obtain 1 ml of a 160 uM arsenite solution 
(4 uM x 40). 


. Repeat the above dilution process until all the inducer concen- 


trations needed are obtained. 


. Keep the inducers at 4 °C if used in the next few days; otherwise, 


keep them at —20 °C (to prevent any degradation or 
contamination). 


. Day —1: Re-streak the different sensor cell strains needed (neg- 


ative control and the strain(s) to characterize) on fresh LB agar 
plates containing the appropriate antibiotic(s) (see Note 3). 


. Day 0: From a single colony, inoculate 5 ml media containing 


the appropriate antibiotic in a 30 ml sterile Falcon tube and 
incubate it overnight at 37 °C with continuous shaking 
(200 rpm). As this stage, it would be preferable to prepare 
several biological repeats for the overnight culture of each strain 
to characterize. 


. Day 1: Measure the optical density (OD609) of the overnight 


culture. 


. Dilute the overnight culture to an OD6o09 = 0.025 into 4 ml of 


fresh medium containing the appropriate antibiotic (see Note 4). 


. Dispense 195 wl of the appropriate culture in each well, if 


appropriate, using a repetitive pipette. Figure 6 shows a typical 
layout including negative control (reporter-free cell culture) and 
blank (medium only wells). 


. Load 5 ul of the inducer solution prepared the day before into 


the wells containing corresponding samples, if appropriate, 
using a multichannel pipette to reduce operation time. Note 
that the inducer solution needs to be mixed thoroughly by 
vortexing prior to use. 


. Incubate the plate at 37 °C with shaking (200 rpm, linear mode) 


in the plate reader. Setup the plate reader for repeated 


Sensor 2 induced by varying concentrations of inducer 2 — clone 2 
Sensor 2 induced by varying concentrations of inducer 2 — clone 3 
Sensor 2 induced by varying concentrations of inducer 2 — clone 4 





Synthetic Cell-Based Biosensors 361 


(Sajdwes aadj-q49) 
S]OJ}UOD ƏA1}e SƏN 


səm Juejg 


3 
D 
Q 
red) 
O 
=s 
< 
Wn 
w 
3 
pa 
D 
ne 


Fig. 6 Exemplar experimental setup for characterizing cellular sensor response. An exemplar 96-well plate 
layout showing two different cellular sensors to be characterized in response to varying ligand inducers with 


four biological repeats each 


3.4 Analyzing the 
Assay Results 


l. 


fluorescence and optical density reading each well every 20 min. 
Alternatively, a plate shaker can be used when more than one 
plate are used at the same time. In this case, a snapshot-reading 
can be performed 4-6 h post induction (depending on the 
strain/media used and the circuit tested). 


Since dynamic monitoring data were obtained for a cellular 
sensor in response to varying concentrations of a target ligand, 
we generally select the 5 or 6 h data post initial induction for 
subsequent analysis when the cell growth are at the transition 
from exponential to stationary phases. The first step in the 
analysis of the assay results is to subtract the background from 
both the optical density and the fluorescence readings. This can 
be done by subtracting the value from the well containing only 
the media (blank wells). 


. The second step is to normalize the measurement result. It is 


obvious that the more cells are present in the culture the higher 
the fluorescent measurement will be. To normalize fluorescence 
reading, the blank-corrected fluorescence will be divided by the 
blank corrected optical density (see Note 5). 


. Finally, since the host cells have auto-fluorescent background, 


we need to subtract this value from the normalized ratio we 
obtained. To do so, we simply subtract the mean ratio of the 
negative control samples from the ratios of the cognate sensor 
culture samples. 
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4 Notes 


4. 


The obtained sensor outputs can be plotted against different 
concentrations of the cognate sensor inducers used to obtain the 
sensor dosage response curve. 


. Curve fitting will then be applied to the above obtained dosage 


response curve to obtain the standard measurement curve that 
may be used for the assay of future unknown samples [4]. 


. Gain of fluorescence readings: As the plate reader has a maxi- 


mum threshold, the gain should be adjusted to the experimen- 
tal conditions. Otherwise, the reading can saturate and it will 
not be possible to characterize the dynamic range of the out- 
put. On the other hand, if the gain is too low, the detection 
level of the biosensor cannot be accurately and reliably esti- 
mated. To obtain sufficient output signal dynamic range, we set 
our gain at 1200 for the green fluorescent protein and at 2000 
when we read the red fluorescent protein. The highest gain of 
the BMG Labtech FLUOStar plate reader we used in this work 
is 4095 and it has been suggested by the manufacturer that gain 
beyond 2800 may significantly amplify the background elec- 
tronic signal noise. 


. Generally there are two options for the sensor design: One 


uses only an endogenous promoter (e.g., Paap and P nta 
shown in Fig. 2c, d) that is usually coupled to the host signal- 
ling network. The other utilizes both the transcription factor 
receptor and the cognate regulatory promoter that are 
organized into a single architecture as shown in Fig. 2a, b. 
For the second sensor design, generally a constitutive pro- 
moter is used to express the receptor protein while an efficient 
terminator is incorporated between the receptor gene and the 
cognate regulatory promoter to prevent any transcriptional 
read through. 


. To obtain robust reproducible results, always restreak sensor 


strains from glycerol stocks on fresh media plates such that 
the physiological state of the sensor strain is predictable and 
guaranteed. Avoid inoculation directly from old plates or 
glycerol stocks. To minimize the variation caused by different 
media batches, we suggest using growth media that is 
prepared following the same media recipe and autoclaving 
protocol. 


. Minimal media: When a minimal medium is used, one can set 


the initial optical density of the culture to a higher level. We 
usually set the optical density at OD6o09 = 0.05. The purpose is 
to compensate the slower growth in this kind of media and 
ensure enough cells will be produced for the characterization. 
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5. Fluctuation of OD6oo readings: Due to potential clumping and 
aggregation of cells growing in plate wells, the optical density 
reading can sometimes fluctuate between adjacent cycles of read- 
ings in the plate reader. If abnormal absorbance readings are 
seen in a cycle, we recommend not using such readings since 
using them to calculate the ratio of fluorescence per OD6o9 will 
lead to misleading value. 
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Chapter 24 


Dynamic Antibiotic Susceptibility Test via a 3D Microfluidic 
Culture Device 


Zining Hou, Yu An, and Zhigang Wu 


Abstract 


This study presents a novel microfluidic approach to the investigation of bacterial susceptibility against 
antibiotics gradient concentration in a quantitative way. A linear concentration gradient of antibiotics in a 
microfluidic chamber is used with time-lapse photography. This approach provides high-resolution infor- 
mation in real time. Traditional tests for this type of study involve Clinical and Laboratory Standard 
Institute (CLSI) recommended test and Etest. All of these tests need different trials to present different 
concentrations. They can only provide either static data or few sampling points in a time-consuming way. 
Our approach employes a gradient generated structure to perform thousands of trials in parallel, showing 
the approach can give results in rapidly, efficiently and reveal the dynamics. 


Key words Microfluidics, Antimicrobial susceptibility, Time-lapse microscopy 


1 Introduction 


Microfluidics is the science that deals with the flow of liquids inside 
micrometer-sized channels. One of the most attractive advantages 
of microfluidics system that applies for cell studies is that these 
systems allow accurate spatial and temporal control of cell growth 
in a small size range similar to that of cells [1]. Microfluidic chips 
are widely used as multifunctional platforms for biological research 
in cells and tissues, as well as in cell-based sensors with biochemical, 
biomedical, and environmental functions. These chips have long 
been used to study interactions between cells and chemical agents 
in both research and clinical settings. Among these, the study of 
antimicrobial agents has had one of the strongest impacts. 
Traditional methods of studying antibiotic susceptibility 
include the Clinical and Laboratory Standard Institute (CLSI) 
recommended serialfold dilution of antibiotics in liquid Mueller- 
Hinton medium as well as the Etest technique using filter strips 
with gradient concentration on Mueller-Hinton agar plates. 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
DOI 10.1007/978-1-4939-6911-1_24, © Springer Science+Business Media LLC 2017 
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However, these tests are time consuming and provide only static 
data on antibiotic susceptibility. 

Recently, designs of microfluidic chips have been applied in the 
field of the antimicrobial susceptibility testing. Cira et al. described 
an autonomous microfluidic device that measures the minimum 
inhibitory concentration (MIC) of antibiotics against different spe- 
cies of bacteria using vacuum packed self-loading chips [2 |. Choi 
et al. developed a microfluidic system to test cell growth at six 
different concentrations of antibiotic according to the MIC range 
of the CLSI [3]. However, both modifications are limited by the 
need for users to create a concentration gradient off-chip and by the 
inability to acquire continuous data without repeated efforts. 

In order to perform continuous, dynamic, rapid, and accurate 
antimicrobial susceptibility testing, we have developed a novel 
approach using microfluidic chips. This approach also accommo- 
dates other chemical agents. 

Figure 1 shows the schematic and the image of the microfluidic 
chip in this approach. A chamber and two channels that connect to 
both sides of it are the main structure of this device. Bacterial cells 
mixed with low melting temperature agarose gel are injected into 
the chamber. Two channels connected to the syringe pumps hold 
the flows with different concentrations of chemical agents, antibio- 
tics in our study. A stable linear concentration distribution is 





(a) 
Media without Media with 
Antibiotic Antbiotic 
Diffusion 
Outlet 1 | Outlet 2 
(b) 





Fig. 1 (a) Concept schematics of the gradient generator. (b) Image of gradient 
generator colored with nature red food dye 
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Fig. 2 (a) Image of the device loaded on microscope. (b) Schematic of the setup 
shows the gradient generator, heater, thermometer, and a container. Inlet, outlet, 
and Arduino single chip controller are not shown in this schematic 


created after the diffusion phase. Continuous culture and image 
collection are followed. The chip is attached with a custom-made 
thermostat, which maintains the temperature for the culture 
requirement of the cells. 

The chip connected to the syringe pumps and thermostat is 
loaded on an inverted phase contrast microscope (Fig. 2). A CCD 
camera captures high-resolution time lapse images every 30 s after 
the stabilization of continuous culture. 

The effects of chemical agents are analyzed by the image pro- 
cessing. Information of three dimensions: growth, chemical agents’ 
concentration, and time is shown and in high resolution. The gray 
scale of these images can evaluate the growth of bacteria cells. Every 
column of the image data represents the growth of bacteria cell 
under a certain concentration of chemical agent. Each frame repre- 
sents a certain time. Certain data set can be plotted according to the 
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2 Materials 


2.1 Gradient 
Generation Device 
manufacture 


2.2 Temperature 
Regulation Device 


2.3 Optic and Culture 
System 


2.4 Bacteria Cells 


2.5 Antibiotics 


researchers’ interests. A 3D plot can also review a general growth 
condition, x-axis for time, y-axis for agent concentration, and z-axis 
for growth. 


Polydimethyl siloxane (Sylgard 184 Silicone elastomer kit, Dow 
Corning, Auburn MI, USA). 
SU-8 Resist (MicroChem, Newton, MA, USA). 


Single-chip microcomputer (Arduino UNO R3, Arduino, Italy). 
Digital thermometer (DS18b20, Maxim Integrated Inc., San 
Jose, USA). 
Resistance wire (Kanthal D 100 Q/m, Sandvik AB, Hallsta- 
hammar, Sweden). 


Inverted microscope (Eclipse TE-2000, Nikon Instruments Inc., 
Tokyo, Japan). 

CCD camera (Spot RL Mono, Diagnostic Instruments Inc., 
Sterling Heights, USA). 

Object lens (CFI Plan Fluor DL 10x, Nikon Instruments Inc., 
Tokyo, Japan). 

Syringe pump (PHD2000, Harvard apparatus, Holliston, 
USA). 


Bacteria strains (strain number): 


Escherichia colt K12 MG1655, 
Salmonella enterica serovar Typhimurium LT2, 
Staphylococcus aureus SH1000. 


All cells stocks are from collection of the Department of Medi- 
cal Biochemistry and Microbiology, Uppsala University, Sweden. 


All antibiotics are stocked in Milli-Q water and diluted in Mueller 
Hinton IJ Broth, Cation-Adjusted (297701, BD Difco, Franklin 
Lakes, USA) before experiments. 


Ampicillin (Sigma-Aldrich Inc., St. Louis, USA): Stock solu- 
tion, 50 mg/mL; working concentration, 20 pg/mL. 

Spectinomycin (Sigma-Aldrich Inc., St. Louis, USA): Stock 
solution, 100 mg/mL; working concentration, 50 g/mL. 

Streptomycin (Sigma-Aldrich Inc., St. Louis, USA): Stock 
solution, 100 mg/mL; working concentration, 20 pg/mL. 

Tetracycline (Sigma-Aldrich Inc., St. Louis, USA): Stock solu- 
tion, 15 mg/mL; working concentration, 5 pg/mL. 
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2.6 Cell Culture, 
Test, and Loading 
Chemistry 


2./ Image 
Processing Software 


3 Methods 


3.1 Chip and 
Thermostat 
Fabrication 


3.1.1 Chip Fabrication 


Vancomycin (Sigma-Aldrich Inc., St. Louis, USA): Stock solu- 
tion, 10 mg/mL; working concentration, 2 ng/mL. 

The working solutions are prepared and placed in 5 mL syrin- 
ges (Becton Dickinson and Company, USA) in chip tests. 


LB Broth (L3022, Sigma-Aldrich Inc., St. Louis, USA). 

Agar (A1296, Sigma-Aldrich Inc., St. Louis, USA). 

Mueller Hinton II Broth, Cation-Adjusted (297701, BD 
Difco, Franklin Lakes, USA). 

Low melting temperature agarose (A6560, Sigma-Aldrich Inc., 
St. Louis, USA). 

Etest strip of ampicillin, spectinomycin, streptomycin, tetracy- 
cline, and vancomycin (AM 256, SC 1024, SM 1024, TC 256, and 
VA 256, bioMérieux AB, Solna, Sweden). 


Mathematica (Mathematica 9.0.0, Wolfram company, Champaign, 
IL, USA). 


The microfluidic chips are manufactured by soft lithography with 
Polydimethyl siloxane (PDMS) (Sylgard 184 Silicone elastomer kit, 
Dow Corning, Auburn MI, USA) [4]. As shown in Fig. 1, a 
chamber and two channels that connect to both sides of it are the 
main structure of the device. Dimension of the chamber is 4000 um 
length, 3000 um width, and 850 pm height. The channel’s dimen- 
sion is 500 um width and 850 pm height. 

An essential prerequisite of this method is the use of specific 
antimicrobial concentrations in order to establish a linear and stable 
distribution of the antimicrobial before cell growth. As both the 
particle size of the antimicrobial and the density of the gel contrib- 
ute to the distribution of the antimicrobial in the gel, it is important 
to determine the distribution time lag to ensure linearity. Equation 
(1) describes the time lag: 


2 


Lng = 5 (1) 


where D is the diffusion coefficient of the molecule being tested 
and d is the diffusion length, length of the chamber in this device. 
Using ampicillin in 2% agarose as an example, Dis 0.016 cm/h [5]. 


D- kT (2) 


= 6arn 





According to the Stoke—Einstein approximation, D can be 
described by Eq. (2) where & is the Boltzmann constant, Tis the 
temperature, 7 is the hydrodynamic radius of a particle, and y is 
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3.1.2 Thermostat 
Fabrication 


viscosity. Using 0.5% agarose against ampicillin, D is estimated as 
0.061 cm/h. The width of the chamber is 4 mm. From Eq. (1) the 
time lag of ampicillin distribution before reaching linearity is 
79 min. By a reference experiment without antimicrobial On- 
Chip tests, we confirmed that there is no visible growth of three 
bacteria strains (Escherichia coli K12 MG1655, Salmonella enterica 
serovar Typhimurium LT2, Staphylococcus aureus SH1000) we 
used before 79 min. A first order approximation for the value of 
the diffusion constant of a spherical particle is inversely propor- 
tional to its diameter. Hence, the relative difference of the diffusion 
constant of two molecules can be approximated as inversely pro- 
portional to the cube root of their mass ratio according to the 
Eq. (2). 

A set of masters is fabricated with SU-8 resist (MicroChem, 
Newton, MA, USA) on a silicon wafer. Standard SU-8- 
photolithography is adopted. 

PDMS is poured to the masters, then polymerized in a oven at 
70 °C for 3.5 h. Then PDMS is peeled off and cleaned by N? gas 
and isopropanol. Then holes for inlet and outlet is punched out. 
Then PDMS is sealed by ionization to the substrate. 

The device is sterilized again before the cell injection. 70% 
ethanol is injected to the device through inlets and outlets. The 
device is put into a oven at 70 °C to dry. 


For the time-lapse photography on the inverted microscope it is 
necessary to maintain the temperature of the chip at 37 °C. A 
custom-made thermostat is used to heat the chip and maintain 
the temperature. 

Generally, a digital thermometer (DS18b20, Maxim Integrated 
Inc., San Jose, USA), a chromium alloy resistance wire (Kanthal D 
100 Q/m, Sandvik AB, Hallstahammar, Sweden heater and a 
Single-chip microcomputer (Arduino UNO R3, Arduino, Italy) 
are used to build a proportional-integral-derivative (PID) feedback 
control system. The PID controlling is described by the following 
function. 


K,(T; — T.) 
L, 


i K4dT, 
+K, | (T, — T, )dt + 


P 
0 dt 





+M (88) 


where: P: power output of the heater; Ts: temperature set point 
value; Tc: current temperature value; ¢: time; dt: derivative of the 
temperature with respect to time; K,, K; and Kg: the parameters of 
the Proportional, Integral, and Derivative terms; M: constant term. 
The PID control is programmed in to the Arduino Board, 
when Tc > Ts, the P would be set down to zero. Room tempera- 
ture is 26 °C + 1 °C; the chip is cooled down by the dissipation. 
The heater is made from a 25 cm chromium alloy resistance 
wire with resistance per unit length of 0.01 Q/m. Thus the 
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resistance of the heater is 25 Q. Aluminum foil is attached to both 
sides of the heater to assure even heating. 

The thermometer DS18b20 can provide a 12-bit serial signal as 
the temperature through the bus connected to the Arduino UNO. 
Temperature resolution is 0.06 °C. 

Connection of the components is shown in the circuit diagram 


(Fig. 6). 
3.2 Setup of Optics Single clones of three bacteria strains, Escherichia coli K12 
System and Chip MG1655, Salmonella enterica serovar Typhimurium LT2, and 


a Staphylococcus aureus SH1000 (collection of the Department of 
ee die mene Medical Biochemistry and Microbiology, Uppsala University, Swe- 
AEPA NON aacnoaan’ den) are picked and cultured in 5 mL of LB broth (L3022, Sigma- 

Aldrich Inc., St. Louis, USA) for 18 h. Cells are collected and by a 
centrifugation (1 min x 1288 x g). Then cells are resuspended by 
cation-adjusted Mueller Hinton II broth (297701, BD Difco, 
Franklin Lakes, USA), to an ODsos of 0.1, which is approximately 
1.0 x 10° CFU/mL. 

Cation-adjusted Mueller-Hinton broth medium including 
approximately 1.0 x 10° CFU/mL of each kind of bacteria strain 
is mixed with 1% low melting temperature agarose (A6560, Sigma- 
Aldrich Inc., St. Louis, USA s) in 1:1 at 37 °C. 8 pL of this mixture 
is injected into the chamber of the gradient generator using a 
10 uL pipet. The chip is placed at room temperature (20 °C) for 
30 min for solidification of the agarose—bacteria mixture (see 
Notes l and 3). 


3.2.2 Microscope The chip is loaded on the inverted microscope (Eclipse TE-2000, 
Configuration Nikon Instruments Inc., Tokyo, Japan) plain stage. A phase 
contrast objective lens (CFI Plan Fluor DL 10x, Nikon Instru- 
ments Inc., Tokyo, Japan) is used. A CCD camera (Spot RL 
Mono, Diagnostic Instruments Inc., Sterling Heights, USA) takes 
the phase contrast images every 30 s after the loading. Microscope 
is turned to phase contrast mode. The exposure time is set to 12 ms. 
The heater and the thermometer are attached on the chip’s 
container and the temperature is stabilized before taking the 


images. 
3.2.3 Culture After the agarose-bacteria mixture solidified, two syringes, one with 
Configuration the Mueller-Hinton medium including antibiotic in working 


concentration and the other only Mueller-Hinton medium, are 
connected to two inlets of the chips as shown in Fig. 2. Syringe 
pump rates are set to 5 L/min for 30 min to allow the antibiotic 
to diffuse into the gel and produce a linear gradient. After the 
diffusion, both syringe pumps are set to 2 L/min (see Notes 4 
and 5). 
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3.2.4 Data Acquisition, 
Quantification, and 
Analysis 


Software developed with Mathematica (Mathematica 9.0.0, Wol- 
fram company, Champaign, IL, USA) is used in the image proces- 
sing and plot output process. 

The gray scale values of the phase contrast images are used to 
measure the density of the cells. Images are saved as 8-bit gray scale 
in .tif format. The gray scale values are transferred between 0 and 
255 gray scale value. 

Images are cropped and rotated to focus on the chamber. 
Cropped images are 1500 pixels in length and 400 pixels in 
width. Gray scale values of each pixel are read into a matrix. All 
rows of the matrix are added together into an array, which contains 
1500 data points. Each sum in the array indicates the cell concen- 
tration of the corresponding location of the width. 

According to the linear distribution of the antimicrobial, the con- 
centration can be correlated to the width. Then the relation between 
cell growth and the antimicrobial concentration can be established. 

Images are taken every 30 s after loading. Series arrays are 
constructed into a matrix. The time is along the columns and the 
width location-concentration is along the rows. Each column indi- 
cates cell growth at defined antimicrobial concentration. Each row 
indicates the cell concentration of the whole chip at a certain time. 

Five rows of data are taken every 300 rows from the matrix and 
plotted as the continuous growth curve of cells under gradient 
concentration of antimicrobials. The columns are plotted as the 
spatial distribution curve of cells. 

Five different combinations of bacteria against antibiotics are 
tested in our experiments. Figure 3 shows the growth of two gram- 
negative bacteria against three antibiotics: streptomycin, tetracy- 
cline, and spectinomycin. Five concentrations are selected to plot 
the growth curves (Fig. 3a—c) and four times are selected to plot the 
spatial distribution of the growth (Fig. 3a’—c’). 

Different mechanisms of antibiotics are also compared. Figure 4 
shows the growth of E. coli against ampicillin and S. aureus against 
vancomycin. Ampicillin and vancomycin have different targets in 
bacterial cells resulting in a significant difference. 

The MIC is determined using 90% growth inhibition (75 and 
larger in gray scale). Results are shown in Table 1. MIC determina- 
tion by CLSI Protocol and Etest was conducted as reference stud- 
ies. MIC results of the chip method are within the range of the 
results given by other two methods but more precise. Different 
bases of culture materials, liquid broth for CLSI and solid agar plate 
for Etest, cause a slight difference. Significant amounts of time and 
labor are saved by using the chip method, as experiments can be 
conducted within 4 h and results can be analyzed in real time. 

A high resolution, both in concentration gradient and time 
scale, result can be obtained and demonstrated with this approach. 
In our test, 3D diagrams are created with the large amount of 
growth data generated by the chip method (Fig. 5). All the data 
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Fig. 3 Temporal and spatial growth of two different bacterial strains incubated using three different antibiotics. 
Left column shows the growth curves while right column shows the spatial distribution of bacterial growth. 
Three conditions were: streptomycin against S. Typhimurium LT2 in (a) and (a’); tetracycline against S. 
Typhimurium LT2 in (b) and (b’); spectinomycin against E. coli K12 MG1655 in (c) and (c’) 
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Fig. 4 Temporal and spatial growth of two different bacterial strains representing gram-negative and gram- 
positive against two different antibiotics representing distinct mechanisms. Two conditions were: ampicillin 
against E. coli K12 MG1655 in (a) and (a’); vancomycin against S. aureus (SH1000) in (b) and (b’) 


Table 1 
MIC of antibiotics against a set of bacteria 


E . coli K12 MG1655 S. Typhimurium LT2 

Antibiotic CLSI Etest Chip Antibiotic CLSI Etest Chip 
Ampicillin 4-8 + 5 Streptomycin 16-32 16 18 
Spectinomycin 16-32 16 18 Tetracycline 1-2 0.5 0.5 


S. aureus SH1000 
Antibiotic CLSI Etest Chip 
Vancomycin 1-2 IPS 1.5 
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Fig. 5 3D diagrams of two growth conditions according to Fig. 4. The three axes represent incubation time, 
antibiotic concentration and bacterial growth (gray scale value) 
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3.3 Reference 
Studies by Traditional 
Methods 


3.3.1 CLSI Protocol 


3.3.2 Etest Setup 


Arduino 
UNO R3 





DS18b20 


Fig. 6 Circuit diagram of the custom made thermostat for stable culture 


points are plotted in one graph, where x-axis represents time, y-axis 
represents antibiotic concentration, and z-axis is the gray value. 
Detailed observation and dynamic analysis are possible through a 
fast and high-resolution method. 


In order to validate the reliability of the On-Chip test of the MIC 
data, we performed the off-Chip MIC determination by the Dilu- 
tion Susceptibility Testing method standardized by CLSI. 

The antibiotics stock solutions are diluted to 1 mg/mL, 
0.1 mg/mL and 0.01 mg/mL by cation-adjusted Muller-Hinton 
broth medium (see Note 2). 

E. coli K12 MG1655, S. typhimurium LT2, and S. aureus 
(SH1000) are cultured overnight in 37 °C in 5 mL cation-adjusted 
Muller-Hinton broth medium. Cultures are diluted according to 
the 0.5 McFarland standard (about 1.0 x 10° CFU/mL) by 
cation-adjusted Muller-Hinton broth medium. These cell culture 
solutions are then mixed with serial antibiotics solutions; the ratio 1s 
l mL:1 mL. 

Mixtures are incubated in 37 °C for 20 h in test tubes. 

Finally we determine the MIC of the antibiotics against the 
bacteria by finding the lowest concentration of antibiotics that 
result in no visible growth of bacteria. 


E. coli K12 MG1655, S. Typhimurium LT2, and S. aureus 
(SH1000) are cultured overnight in 37 °C in 5 mL cation-adjusted 
Muller-Hinton broth medium. After diluting the cells according to 
the 0.5 McFarland standard (about 1.0 x 10° CFU/mL) by using 
cation-adjusted Muller-Hinton broth medium, these solutions are 
diluted 100-fold in phosphate buffered saline (PBS). 
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Use sterilized cotton swab to spread the bacteria suspension 
onto the Muller-Hinton Agar plates. The corresponding antimi- 
crobial Etest strips (AB bioMerieux, Solna, Sweden) are put on the 
Muller-Hinton agar plates. 

The plates are incubated for 18 h. Then perform the MIC 
reading according to the instructions of the manufacturer (bioMer- 
ieux AB, Solna, Sweden) (see Note 5). 


. Cells are loaded with low melting temperature agarose gel. 


Normal agar or agarose melting temperature would kill bacte- 


. Media in chip-test, CLSI-test, and Etest should be Mueller- 


Hinton broth or other standard antibiotic test media. These 
media should be nonselective, nondifferential and contain 


. The injection hole should not be positioned directly above the 


chamber. Though background noise has been eliminated as 
image pre-process. Image results can be biased if the chamber 
is blocked by the injection hole or if the gel is not uniformly 


. After sterilization, chamber and inlet tubes should remain in 


sterilized environments until the end of experiment. All opera- 
tions should be implemented in a Class-II biology laboratory. 


. Temperature change in growth can affect growth curve signifi- 


cantly causing the variance in different experiments. Tempera- 
ture fluctuation should be controlled within 0.25 °C. 


4 Notes 
rial cells during injection. 
starch to absorb toxins. 
distributed. 
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Chapter 25 


Aptasensors for Detection of Avian Influenza Virus H5N1 


Yanbin Li and Ronghui Wang 


Abstract 


Aptamers are single-stranded RNA or DNA oligonucleotides which have specific three-dimensional (3D) 
structures for high affinity and specific recognition to their target. In diagnostic and detection assays, 
aptamers represent an alternative to antibodies as recognition agents and offer advantages, such as reduced 
cost, rapid and reproducible synthesis, controllable modification, and improved stability. Aptamers are 
favorably used in biosensors as sensitive and selective bio-receptors coupled with a variety of transducers 
such as optical, mass-sensitive, and electrochemical sensors, the so-called aptasensors. We report the 
development of several types of aptasensors for rapid and specific detection of avian influenza virus (AIV) 
H5N1. DNA aptamers with high affinity and specificity against AIV H5N1 were immobilized on the 
electrode surface and then incorporated into different transducers such as surface plasmon resonance 
(SPR), quartz crystal microbalance (QCM) and electrochemical transducer. The target viruses were 
captured by the immobilized aptamers resulting in a detectable signal. The fabrication of aptasensors, 
detection principles, and their applications for AIV H5N1 detection are addressed. 


Key words Aptamer, Aptasensor, Avian influenza virus H5N1, Surface plasmon resonance, Quartz 
crystal microbalance, Electrochemical transducer 


1 Introduction 


Avian influenza viruses (AIV) have been a global concern due to 
their potential pandemic threat and the resulting threat to public 
health and economic consequences. Highly pathogenic AIV H5N1 
has caused devastating outbreaks in poultry worldwide, and the 
virus has a high mortality rate in both poultry (100%) and humans 
(>60%). The H5N1 virus has killed 449 of 846 people infected 
since 2003 |1]. Rapid and sensitive laboratory and field tests for 
diagnosis of H5N1 infection are essential for disease control. 
Current laboratory methods for influenza virus detection include 
conventional virus culture followed by serological differentiation 
[2] as well as molecular methods such as RT-PCR and real-time 
RT-PCR [3]. However, these methods are time consuming, tech- 
nically demanding, and often require expensive equipment and 
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high level biosafety facilities. Other methods include rapid 
influenza antigen testing, which lacks the required sensitivity [4 | 
and ELISA, which has a long analysis time due to the multiple steps 
involved [5]. 

As an alternative, considerable effort has been directed towards 
the development of biosensors for the detection of influenza virus. 
Biosensors, which combine a target-specific biological sensing ele- 
ment with a transducer and a signal processing unit, have shown 
great promise for rapid detection of virus. Biosensors have been 
developed using various types of sensing elements including 
enzymes, antibodies, nucleic acids, tissues and intact cells. In recent 
years, aptamers have been investigated as alternative sensing ele- 
ments, and have the potential to replace bio-recognition ligands. 
This is possible due to the unique features of aptamers (sensitivity, 
specificity, reusability, stability, non-immunogenicity), which can be 
easily exploited in biosensor technology. Aptasensors are thus bio- 
sensors based on aptamers as ligand molecules. 

Aptamers are single-stranded RNA or DNA oligonucleotides 
which rely on hydrogen bonding, electrostatic, and hydrophobic 
interactions rather than Watson—Crick base pairing for recognition 
to their target. Aptamers can fold into distinct secondary and 
tertiary structures, bind to their targets with high affinity (dissocia- 
tion constants on the order of nanomolar to picomolar) and recog- 
nize their targets with a specificity comparable to antibodies and 
other biological ligands. They are specifically generated against 
certain targets such as amino acids, drugs, proteins, or other 
organic or inorganic molecules [6]. They are selected in vitro 
through systematic evolution of ligands by exponential enrichment 
(SELEX). The selection procedure involves the iterative isolation of 
ligands out of a random sequence pool with affinity for a defined 
target molecule and PCR-based amplification of the selected RNA 
or DNA oligonucleotides after each round of isolation. As bio- 
recognition ligands, aptamers possess numerous advantages, 
including small size, rapid and reproducible synthesis, simple and 
controllable modification to fulfill different diagnostic and thera- 
peutic purposes, slow degradation kinetics, nontoxicity, and a lack 
of immunogenicity. An aptasensor is a compact analytical device 
incorporating an aptamer as the sensing element, either integrated 
within or intimately associated with a physiochemical transducer 
surface. 

Here we introduce several types of aptasensors for rapid and 
specific detection of AIV H5N1, including SPR aptasensor [7], 
hydrogel-based QCM aptasensor [8], microfluidic chip based 
impedance aptasensor [9], magnetic beads-based impedance apta- 
sensor [10], and bionanogate-based aptasensor [11]. Aptamer 
immobilization, aptasensor fabrication, and AIV H5N1 detection 
are described. 


2 Materials 


2.1 Biological 
and Chemical 
Reagents 


2.2 Magnetic Beads 
and White Gold Leaf 
Sheets 


2.3 Aptamer, ssDNA 
and Virus 


l. 


Is 
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. Phosphate buffered saline (PBS, 10x) (Sigma-Aldrich, St. 


Louis, MO) was diluted with Milli-Q (Mill-Q, Bedford, MA) 
water to 10 mM (pH 7.4) for use. 


. Streptavidin was purchased from Rockland Inc. (Gilbertsville, 


PA). It was reconstituted in 10 mM PBS and stored in 1 mg/ml 
aliquots at —20 °C. 


. 16-Mercaptohexadecanoic acid (MHDA) (Sigma-Aldrich, St. 


Louis, MO) was diluted with ethanol to 10 mM. 


. N-(3-dimethylaminopropyl)- N’-ethylcarbodiimidehy- 


drochloride (EDC:-HCL) and N-hydroxysuccinimide (NHS) 
(Sigma-Aldrich, St. Louis, MO) were dissolved in Milli-Q 
(Mill-Q, Bedford, MA) water to a concentration of 75 mM 
and 30 mM, respectively, and prepared fresh for each test. 


. Acrylamide (99%), ammonium persulfate (98%), tetramethy- 


lethylenediamine (TEMED, 99%) and Tris borate-EDTA 
buffer (TBE) solution were purchased from Sigma-Aldrich 
(St. Louis, MO). 


. Glucose oxidase (GOx) (EC 1.1.3.4; type II from Aspergillus 


niger, 100-250 kU g™*), glucose, concanavalin A (ConA) 
(type VI, from Canavalia ensiformis (Jack bean)), and 
HAuCl, were obtained from Sigma-Aldrich (St. Louis, MO). 


. Bovine serum albumin (BSA; EM Science, Gibbstown, NJ), 


1.0% (wt/vol), was prepared in PBS. 


. Sodium L.-lactate, B-nicotinamide adenine dinucleotide, and 


lactate dehydrogenase (EC 1.1.1.27) from bovine heart were 
purchased from Sigma-Aldrich (St. Louis, MO). 


. Milli-Q water was obtained from Milli-Q (18.2 MQ cm, Bed- 


ford, MA). 


Streptavidin-coated magnetic beads with a 150 nm diameter 
were purchased from R&D Systems, Inc. (Minneapolis, MN). 


. 12 K white gold leaf sheets (51.0% Au, 48.0% Ag, 1.0% Pd, 


thickness of each leaf: 120 nm) were obtained from LA Gold 
Leaf Wholesaler (Covina, CA). 


The AIV H5N1 aptamer (73 nucleotides; 5’-GT'G TGC ATG 
GAT AGC ACG TAA CGG TGT AGT AGA TAC GTG CGG 
GTA GGA AGA AAG GGA AAT AGT TGT CCT GTT G-3’) 
was developed in our laboratory through the SELEX method 
[11]. The aptamer was synthesized and biotin labeled by 
Integrated DNA ‘Technologies (Coralville, IA). The aptamer 
was aliquoted and stored at —20 °C. 
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2.4 Instruments 
and Electrodes 


2; 


10. 


Single-stranded DNA (ssDNA) containing 5’-terminal 
acrylamide group was purchased from Integrated DNA Tech- 
nologies, Inc. (Coralville, IA). The sequence of ssDNA is 
5'-Acrydite-CGC GTT TTC AAT AGA GTC GTA TTA 
GGA-3’. 


. Thiolated ssDNA probes (Integrated DNA Technologies, Inc., 


Coralville, IA) have sequences: 5’-Thiol-CAA CAG GAC AAC 
TAT-3’ (Probe 1) and 3’-Thiol-CAC ACG TAC CTA TCG-5’ 
(Probe 2), respectively. 


. Inactivated AIV H5N1 (Scotland/59) was supplied from 


the USDA/APHIS National Veterinary Services Lab (Ames, 
IA) (see Note 1). The stock concentration of viruses was 27 
hemagglutination units (HAU) 50 pl. 


. Spreeta SPR detector was purchased from Texas Instruments 


(Dallas, TX), and the system includes SPR sensor, integrated 
multichannel flow cell, and 12-bit interface box. A DELL 
laptop, Latitude D610 was used to collect the data. 


. The circular AT-cut 7.995 MHz quartz crystals with Au 


electrodes evaporated on both sides and the methacrylate cell 
was purchased from International Crystal Manufacturing Co. 
(Oklahoma City, OK). 


. QCA922 quartz crystal analyzer was purchased from Princeton 


Applied Research (Oak Ridge, TN). 


. Materials for the microfluidics fabrication contain the SYL- 


GARD 184 Silicone Elastomer Kit (Dow Corning, Midland, 
MI), SU-8 (MicroChem Corp., Newton, MA) and microflui- 
dic connectors (Upchurch Scientific, Oak Harbor, WA). 


. Gold screen-printed interdigitated array electrodes were 


designed in our lab and were fabricated by Aibit, LLC (Jian- 
gyin, China). 


. IM-6 impedance analyzer with IM-6/Thales software was pur- 


chased from BAS (West Lafayette, IN). 


. Electrochemical workstation model 750B was purchased from 


CH Instruments (Dallas, TX) and a glassy carbon electrode was 
obtained from BAS (West Lafayette, IN). 


. A DDS-307 conductivity meter with a Pt conductivity probe 


was obtained from Rex Instrument Company (Shanghai, 


China). 


. The magnetic separator with a magnetic strength of 0.8 T was 


provided by Aibit Tech. (Jiangyin, China). 
The Grant Bio Rotator was purchased from Thermo Fisher 


Scientific (Waltham, MA). 


3 Methods 
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Aptamers specific against H5N1 were developed in our group [12]. 
Briefly, selection and characterization of DNA aptamers were car- 
ried out using SELEX technology and SPR. The selection was 
started with an ssDNA (single-stranded DNA) library of 10'* 
molecules randomized at central 74 nt. For the first four selection 
cycles, purified hemagglutinin (HA) from AIV H5N1 was used as 
the target protein, and starting from the fifth cycle, entire H5N1 
virus was applied in order to improve the specificity. After 13 cycles 
of selection, DNA aptamers that bind to the H5N1 were isolated 
and three aptamer sequences were further characterized by 
sequencing and affinity binding. The best aptamer candidate had 
a dissociation constant (Kp) of 4.65 nM as determined by SPR, 
showing a strong binding between the HA and the selected apta- 
mer. The specificity was determined by testing non-target AIV 
H5N2, H5N3, H5N9, H9N2, and H7N2. Negligible cross- 
reactivity confirmed the high specificity of selected aptamers. The 
sequence and predicted secondary structure of the aptamer used in 
this report is shown in Fig. 1. 
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Fig. 1 Sequence and predicted secondary structure of the aptamer used in this report 
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3.1 SPR Aptasensor 


1. Spreeta SPR aptasensor. 


The miniature Spreeta SPR sensing chip is a fully integrated 
SPR sensor element containing an LED (light emitting diode) 
light source, a gold SPR surface, a reflecting mirror that 
directs the reflected light to a photodiode array, and a tem- 
perature sensor, with size only of 4 cm (length) x 2 cm 
(height) x 1 cm (width). The intensity of polarized light 
reflected off a thin layer of gold on the surface of a prism 
shows a dependence on the angle of incidence. Following the 
conjugation of AIV H5N1 specific aptamer to the sensor 
surface, the aptasensor was ready for H5N1 detection. 
Attachment of H5N1 viruses on the aptamer immobilized 
gold surface resulted in the change of the gold surface thick- 
ness, and consequently the change of incidence angle. The 
difference between angles (before and after) is highly corre- 
lated to the properties of the viruses. Figure 2 shows the 
configuration for measuring AIV using the portable SPR 
aptasensor. 


2. Functionalization and fabrication of the SPR aptasensor. 


The experimental setup is shown in Fig. 3. The Au surface 
of SPR biosensor was pretreated with NaOH (300 ul, 1 M) 
for 20 min and HCI (300 ul, 1 M) for 5 min in order to get 
rid of any irregularities and obtain a clean Au surface. After 
pretreatment, the crystals were rinsed by spraying ethanol 
and water successively, and dried in a stream of nitrogen. The 
SPR sensor was then installed in the flow cell, initialized in 
the air and calibrated in deionized water. PBS (1 ml, 10 mM, 
pH 7.4) was injected into the flow cell of the SPR chip, and 


Sensor chip with 
gold film 







Reflecting mirror 
<— j 


Al H5N1 
virus ` 


Biomaterial 
layer 
Light emitting Polarizer Temperature Photodiode 
diode sensor array 


Fig. 2 Configuration for measuring AIV using the portable SPR aptasensor 
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Fig. 3 Principle of the SPR aptasensor for detection of AIV H5N1: (a) Streptavidin immobilization; 
(b) Biotinylated aptamer immobilization; (c) Virus detection 


flowed for 3-5 min until the PBS baseline became 
unchanged. The streptavidin was then injected and immobi- 
lized onto the cleaned Au surface through physical adsorp- 
tion by applying streptavidin (250 pl, 0.2 mg/ml) to the 
flow cell and incubated for 25 min. After that, the surface 
was rinsed using an excess volume of PBS (1 ml, 10 mM, 
pH 7.4) to remove the unbound streptavidin, and get the 
stabilized RI value for streptavidin within 3-5 min. Biotiny- 
lated aptamer (300 pl, 2.04 pg/ml) was injected into the 
flow cell to conjugate to the binding sites on the streptavidin 
and incubated for 25 min, followed by PBS solution (1 ml, 
10 mM, pH 7.4) for 3-5 min to rinse off the excess aptamers 
resulting in the stabilized RI value for aptamers. Finally, AIV 
H5N1 (300 ul) diluted with PBS (from 0.0128 to 12.8 
HAU) was then injected into the channel of Au surface and 
incubated for 25 min, and then the excess was removed by 
rinsing with PBS (1 ml, 10 mM, pH 7.4). Then, the stabi- 
lized RI value for virus could be obtained within 3-5 min. 
The change in RI value caused by AIV H5N1 was calculated 
as the difference between the stabilized RI values for virus 
and aptamers. 


3. Typical response curve. 
A typical response curve of AIV H5N1 detection using the 
SPR aptasensor is shown in Fig. 4 (see Note 2). 
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Fig. 4 A typical response curve of the SPR aptasensor to the surface modification and AIV H5N1 detection. The 
PBS baseline is at the beginning of the curve, RI = 1.327. Then, streptavidin was immobilized onto the gold 
surface of SPR chip, causing the RI increased. In order to rinse off the excess streptavidin, PBS was applied to 
the chip surface, resulting in the stabilized RI value for streptavidin. The RI change caused by streptavidin was 
taken as the difference between the PBS baseline and the stabilized RI value for streptavidin (RI = 2095 x 10-6 
as shown in Fig. 4). Similarly, the RI changes caused by aptamers (RI = 627 x 10-6) and AIV H5N1 
(RI = 300 x 10-6) were obtained by calculating the differences between the stabilized RI values for aptamers 
and streptavidin, and the stabilized RI values for virus and aptamers, respectively 


3.2 Hydrogel-Based 1. QCM aptasensor setup. 
QCM Aptasensor Figure 5 shows the setup of a QCM aptasensor. 


2. Synthesis of aptamer hydrogels. 

Stock solution of acrylamide was prepared at 2% with deio- 
nized water, and stock solutions of aptamer and ssDNA were 
prepared at 1 pmol/ml with TBE buffer. All synthesis reactions 
were carried out in a 1.7 ml microcentrifuge tubes with two 
holes on the tube cap for gas bubbling. Dry nitrogen was 
bubbled for 10 min through a solution 1 and solution 2 in 
the tubes, respectively. For hydrogel I (acrylamide—apta- 
mer-ssDNA, 100:1:1), solution 1 is a mixture of 714 pl 2% 
acrylamide and 200 pl 0.25 uM aptamer; solution 2 is a mixture 
of 714 pl 2% acrylamide and 200 pl 0.25 uM ssDNA. 100 pl of 
a freshly prepared initiator—catalyst mixture consisting of 
0.5 ml DI water, 0.05 g ammonium persulfate, and 25 ul 
TEMED was added to solutions | and 2, respectively. Nitrogen 
was bubbled through the mixtures for an additional 10 min 
while polymerization proceeded. The mixture of solution 1 was 
then added to the mixture of solution 2, and the hybridization 
reaction between ssDNA and aptamer was performed for 
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Fig. 5 (a) Schematic of the QCM aptasensor; (b) A photo of the QCM aptasensor 
setup. The aptamer hydrogel is immobilized on the gold electrode surface. The 
quartz in the electrode acts as a transducer, converting the mass and viscosity 
change to a frequency signal. The quartz crystals were 13.7 mm in diameter and 
0.2-mm thick and the gold electrodes were 5.1 mm in diameter and 100-nm thick. 
The quartz resonator was housed inside a methacrylate cell so that only one side of 
the crystal was in contact with the solution in the cell well. The leads of the QCM 
were connected to the electrode and frequency measurements were taken at 1 s 
intervals. The frequency value was continuously recorded using a QCA922 quartz 
crystal analyzer with the WinEchem software used to collect and plot data 


another 10 min. To increase the viscosity of the hydrogel, the 
final mixture was evaporated to 1/2 volume by overnight 
incubation at 37 °C. For hydrogel II (acrylamide—apta- 
mer-ssDNA, 10:1:1), solution 1 is a mixture of 71.4 pl 2% 
acrylamide and 200 pl 0.25 uM aptamer, and solution 2 is a 
mixture of 71.4 ul 2% acrylamide and 200 pl 0.25 uM ssDNA. 
The amount of initiator-catalyst mixture is the same as that 
used in hydrogel I and the procedures and reaction time are the 
same as that used in preparation of the hydrogel I, except that 
the final reaction mixture was not evaporated due to high cross- 
linking in the hydrogel II. For hydrogel III (acrylamide—apta- 
mer-ssDNA, 1:1:1), solution 1 is a mixture of 7.14 pl 2% 
acrylamide and 200 pl 0.25 uM aptamer, and solution 2 is a 
mixture of 7.14 pl 2% acrylamide and 200 ul 0.25 uM ssDNA. 
Other procedures are the same as that of hydrogel II. Fig. 6a 
schematically illustrates the structure of the polymer hydrogel 
(see Note 3). The polymerization reaction mechanism and 
step-by-step synthesis reaction for cross-linking hydrogels are 
shown in Fig. 6b. Figure 6b shows that the two separated 
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Fig. 6 (a) Scheme of poly(acrylamide-co-aptamer) hydrogel. Part of polymer chain is composed of acrylamide 
and aptamer; another part is formed by acrylamide and ssDNA. Hydrogel is formed through cross-linking 
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polymerization reactions 1 and 2 were first conducted in the 
presence of initiator and catalyst in a buffer solution at room 
temperature. In the last reaction step, the cross-link reaction in 
polymer hydrogel occurred through hybridization between 
ssDNA and DNA-grafted aptamer. The obtained DNA cross- 
linked poly(acrylamide-co-aptamer) hydrogel was a network of 
polymer chains that are water-insoluble (Fig. 6c). 


3. Immobilization of aptamer hydrogels on the gold surface. 

The mechanism of the SAM (self-assembled monolayer) 
method for poly(acrylamide-co-aptamer) hydrogel immobili- 
zation is illustrated in Fig. 7a (see Note 4). Figure 7b shows the 
typical temporal responses of frequency shifts for the stepwise 
assembly of the fabrication of the QCM sensor using the 
synthesized aptamer hydrogel III. 

Quartz resonators were cleaned by dipping in 1 M NaOH for 
5 min and 1 M HCI for 2 min in sequence, followed by thor- 
ough washing with deionized water and drying in a stream of 
nitrogen. The cleaned resonators were immersed in 10 mM 
MHDA ethanol solution overnight at room temperature to 
form SAM, rinsed with ethanol and water, and dried in a stream 
of nitrogen. The pretreated resonator was fixed into the detec- 
tion cell and connected to the quartz crystal analyzer. First, 
200 pul of deionized water was added to the cell well to get a 
baseline. Second, 200 pl EDC/NHS (75 mM/30 mM, v/v, 
1:1) solution was dropped into the cell well (10 min) for activa- 
tion. After deionized water washing, 200 pl of aptamer hydro- 
gel was added and incubated for 40 min. After washing with 
deionized water and PBS buffer (0.01 M, pH 7.4), the aptamer 
hydrogel immobilized resonator was ready for AIV detection. 


4. Detection of AIV H5N1 using the hydrogel-based QCM 
aptasensor. 

With the hydrogel I as the coating material, AIV H5N1 
with the titers of 64, 6.4, and 1.28 HAU was detected using 
the QCM aptasensor. A decrease in resonance frequency shift 
was Observed and the corresponding response in resonance 
frequency was —200, —52, and —22 Hz, respectively. Figure 8 
shows frequency shifts (AF) corresponding to different titers of 
AIV H5N1 (64, 6.4, and 1.28 HAU, respectively) for aptamer 
hydrogel I coated QCM sensor. 


ooo 


Fig. 6 (continued) between aptamer and ssDNA. (b) Schematic illustration of chemical reaction mechanism 
and reactions used in the experiment for polymer hydrogel synthesis. Co-polymerization of acrylamide, 
acrydite modified ssDNA, and acrydite modified aptamer. Polymer chains are cross-linked by the ssDNA 
and aptamer. The polymerization reaction was initiated and catalyzed by a mixture of ammonium persulfate 
and TEMED. (c) Picture of poly (acrylamide-co-aptamer) hydrogels with the ratios of acrylamide—apta- 
mer—ssDNA of 100:1:1 (hydrogel I), 10:1:1 (hydrogel Il), and 1:1:1 (hydrogel Ill). All three hydrogel materials 
are viscous transparent liquid 
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Fig. 7 (a) Schematic diagram for QCM sensor fabrication using the synthesized poly(acrylamide-co-aptamer) 
polymer hydrogel; (b) The typical response of QCM sensor for fabrication using the synthesized aptamer 
hydrogel: (7) SAM formed on sensor in equilibrium with deionized water; (2) NHS/EDC activation; (3) poly 
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Fig. 8 Frequency shifts (AF) corresponding to different titers of AIV H5N1 (64, 6.4 and 1.28 HAU, respectively) 
for aptamer hydrogel | coated QCM sensor 


3.3 Microfluidic Chip 1. Fabrication of a microfluidic chip. 
Based Impedance A microfluidics chip (shown in Fig. 9) with an embedded 
Aptasensor gold interdigitated array microelectrode (IDAM) was 
designed and fabricated using the method described by Varsh- 
ney et al. [13]. 
It contains three steps. First IDAM was patterned on a 5 in. 
glass wafer coated with 5000 A thick gold layer with a 250 A 
chromium as an adhesion layer between glass wafer and gold. 
Next, SU-8 mold was prepared on a 5 in. silicon wafer for 
fabrication a microchannel. A 20 um thick SU-8 2015 was 
spin coated on silicon wafer, soft baked, patterned with a 
mask, developed with SU-8 developer, and finally hard baked 
to prepare a mold for polydimethylsiloxane (PDMS) micro- 
channel fabrication. In the end, the PDMS microchannel 
made from the mold was partially cured, aligned with the 
IDAM chip, and bonded with IDAM chip by permanently 
curing at 80 °C for 8 h. After the bonding process, microfluidic 
connectors were fixed on the holes drilled for inlet and outlet 
on IDAM chip. Different from the microfluidic chip reported 
by Varshney et al. [13], there are two important improvements. 
First, a microfluidic channel (40 um deep and 100 pm wide) 
with an oval-shaped microfluidics chamber (40 pm deep, 
500 um wide, and 1723 um long; 34.5 nl volume) was 
designed to replace the square-shaped chamber, which could 
minimize the residues retained at the corner of the square 
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Fig. 9 (a) A microfluidic chip with inlet and outlet ports and embedded interdigitated array microelectrode. 
(b) Gold interdigitated array microelectrode (I) drawing and (Il) picture. The microfluidic channel is 40 um deep 
and 100 um wide with an oval-shaped microfluidics chamber (40 um deep, 500 um wide, and 1723 um long; 
34.5 nl volume). Each electrode consisted of 25 pairs of 10 um wide electrode fingers spaced 10 um apart 


chamber during the washing step. The microfluidic channel 
was molded from PDMS and fixed to an IDAM with a glass 
substrate. Second, the width of electrode fingers was reduced 
from 25 um to 10 um, since the small scale electrode fingers 
could result in an improved sensitivity. Each electrode con- 
sisted of 25 pairs of 10 um wide electrode fingers spaced 
10 um apart. 


. Functionalization and configuration of the microfluidic chip 


for impedance aptasensor. 
The experimental protocol consisted of the immobilization 
of a specific aptamer onto the microelectrode surface followed 
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by the capture of influenza virus and impedance measurement. 
The microfluidic chip was cleaned by pumping Milli-Q water 
for 15 min at arate of 16.7 ul min“. Streptavidin (0.2 mg/ml) 
was injected into the microfluidic chip at a flow rate of 
16.7 ul min~’ and then the pumping was stopped to allow 
for a 30 min incubation period. The streptavidin was immobi- 
lized through direct physical adsorption onto the gold elec- 
trode. Biotin-labeled aptamer specific for H5N1 AIV was 
injected and incubated for 30 min, allowing the aptamer to 
be immobilized through streptavidin-biotin binding. A virus 
sample was injected into the microfluidic flow cell and incu- 
bated for 30 min. After washing, the impedance was measured. 

Impedance measurements were taken using an IM-6 imped- 
ance analyzer with IM-6/Thales 2.49 software. The wires 
connected to the microfluidic chip were attached to the test- 
sense and counter-reference probes of the impedance analyzer. 
A sinusoidal AC potential of 100 mV was applied for all imped- 
ance measurements. The 100 mV potential was used in the 
study to overcome noise while the impedance was still linearly 
measured. Impedance magnitude and phase angle were 
measured at 54 points in the frequency range from 1 Hz to 
1 MHz. All impedance measurements were done in the pres- 
ence of measuring buffer. 


3. Detection of AIV H5N1 using the microfluidic chip based 
impedance aptasensor. 

Figure 10a shows the impedance magnitude at each step of 
the aptamer immobilization and H5N1 ATV detection by the 
aptasensor (see Note 5). Figure 10b shows the phase angle data 
for each step of the aptamer immobilization and H5N1 AIV 
detection by the aptasensor (see Note 6) 
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Fig. 10 (a) Typical impedance magnitude data for the detections of H5N1 AIV. (b) Typical phase angle data for 
the detection of H5N1 AIV. Data labels for dashed lines correspond to serial dilution values (10'—10° dilutions) 
of 128 HAU virus sample (12.8 to 0.00128 HAU). The voltage amplitude was 100 mV 
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3.4 Magnetic Beads 1. Mechanism and construction of the MB-based aptasensor. 
(MB)-Based Magnetic beads (MBs) were modified with H5N1-specific 
Impedance Aptasensor aptamer to capture the H5N1 virus. This was followed by 


binding Concanavalin A (ConA), Glucose oxidase (GOx), 
and Au nanoparticles (AuNPs) to create bionanocomposites 
(BNCs) through ConA-glycan interaction. The yielded sand- 
wich complex was transferred to a glucose solution to trigger 
an enzymatic reaction to produce gluconic acid, which ionized 
to increase the ion strength of the solution, thus decreasing the 
impedance on a screen-printed interdigitated array electrode. 
This method took advantages of the high efficiency of enzy- 
matic catalysis and the high susceptibility of electrochemical 
impedance on the ion strength, and endowed the aptasensor 
with high sensitivity. 

As illustrated in Fig. 11, streptavidin-MBs were used to 
immobilize biotin-conjugated H5N1 aptamer and then to cap- 
ture H5N1 virus. GOx and ConA were sequentially modified 
onto AuNPs and these BNCs were conjugated to MBs-bound 
H5N1 through the glycan—ConA interaction. The final com- 
plex was transferred to glucose aqueous solution, where the ion 
strength was increased through the ionization of the products 
of enzyme catalysis. Finally, a signal output detected the ion 
strength increase-induced impedance decrease using electro- 
chemical impedance spectroscopy. 

A screen-printed interdigitated array electrode (SPIDAE) 
was used for measurements of ion strength change. The SPI- 
DAE consisted of three pairs of 200 um wide electrodes spaced 
200 um apart arranged in a circular array printed on a ceramic 
substrate. The outer diameter of the array was 5.4 mm. A 
photograph and drawing of the screen-printed interdigitated 
electrode is shown in Fig. 12. 

Impedance measurement was performed using an IM-6 imped- 
ance analyzer with IM-6/THALES software. For all imped- 
ance measurements, a sine modulated ac potential of 5 mV was 
applied across the SPIDAE and the magnitude of impedance 
and phase angle were measured for frequencies ranging from 
10 Hz to 100 kHz. A DDS-307 conductivity meter with a Pt 
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Fig. 11 Illustration of the aptasensing mechanism and construction of the aptasensor 
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Fig. 12 Configuration of the screen-printed interdigitated microelectrode 


conductivity probe was used. CHI 750B electrochemical work 
station and a conventional three-electrode electrolytic cell were 
used. SPIDAE served as the working electrode, a KCI- 
saturated Ag/AgCl electrode served as the reference electrode, 
and a Pt wire served as the counter electrode. 


2. Preparation of ConA/GOx/AuNPs bionanocomposites (BNCs). 
AuNPs with a diameter of ~20 nm were prepared through 
Frens’ method [14]. 1 ml of AuNPs was added to 5 mg of 
GOx, then the mixture was rotated at 5 rpm for 1 h and left at 
4 °C overnight. After centrifugation and washing with 1 ml 
PBS twice, the GOx modified AuNPs were re-dispersed in 
2 mg ml~! of ConA solution in PBS to form the ConA-GOx 
conjugation through the affinity interaction between ConA 
and glycan of GOx [15]. The mixture was rotated at 5 rpm 
for 30 min. Finally, the ConA/GOx/AuNPs suspension was 
centrifuged and washed with PBS twice. The activity of the 
prepared BNCs is equal to the enzyme activity for catalysis of 
pristine GOx solution at a concentration of 0.16 mg ml~*. The 
activity was based on the potentiostatic determination of the 
amount of enzyme generated H202, which is proportional to 
the activity of enzyme. When not in use, the ConA/GOx/ 
AuNPs BNCs were stored at 4 °C. 


3. Preparation of sandwich complex. 

10 pl of MBs were added to 200 pl of PBS, magnetically 
separated for 5 min, and the supernatant decanted. The MBs 
were then re-dispersed in 200 pl PBS containing 1 pM of a 
H5N1 biotin-aptamer conjugate and rotated at 5 rpm for 
45 min. The solution was then subjected to 5 min magnetic 
separation and the supernatant decanted. Then 200 pl PBS was 
added to the MBs followed by another 5 min magnetic separa- 
tion and decantation. The composites were then re-dispersed 
in 200 pl 1% BSA and rotated at 5 rpm for 30 min followed bya 
5 min magnetic separation, decantation, and addition of 
another 200 ul PBS for washing. After another 5 min magnetic 
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separation and decantation the composites were re-dispersed in 
200 pl PBS containing AIV H5N1 at different concentrations 
(0.001, 0.0025, 0.005, 0.01, 0.05, 0.075, 0.1, 0.5, and 1 
HAU) and rotated at 5 rpm for 30 min. This was followed by 
two washing steps involving a 5 min magnetic separation using 
200 ul PBS each time. After the second washing step, the MBs 
were re-dispersed in a solution containing 190 pl PBS and 10 pl 
ConA/GOx/AuNPs BNCs and rotated at 5 rpm for 10 min. 
Since there are about 500 hemagglutinin (HA) and 100 neur- 
aminidase (NA) glycoproteins on the surface of H5N1, the 
BNCs readily bind to the H5N1 through the ConA-glycan 
interaction. Next, the solution was washed and magnetically 
separated for 5 min two times using 200 pl PBS containing 
0.05% Tween-20. This was followed by three washing and 
5 min magnetic separation steps using 10 mM glucose solu- 
tion. After the last magnetic separation step, the final solution 
was re-dispersed in 100 ul glucose solution. 30 min later the 
suspension was magnetically separated to avoid possible 
adsorption of sandwich complex on the electrode. The super- 
natant was transferred to the screen-printed interdigitated elec- 
trode and the impedance curve was collected. 


. Detection of ATV H5N1 using the MB-based aptasensor. 


The impedance response of the aptasensor to the different 
concentrations of H5N1 was examined (Fig. 13). 

The control tests (without target viruses) showed a blank 
response of 274 + 2 kQ. The impedance difference between 
AIV H5N1 (at titer range from 0.001 to 1 HAU) and the 
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Fig. 13 Impedance response curves of the aptasensor to AIV H5N1 at different 
concentrations (from top to bottom: control, 0.001, 0.0025, 0.005, 0.01, 0.05, 
0.075, 0.1, 0.5, and 1 HAU) 
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control was observed to be from 21 to 212 kQ. The high 
performance of this aptasensor should mainly be due to the 
integration of the high efficiency of enzyme catalysis and the 
high susceptibility of electrochemistry on the ion strength in 
ultra-low ion strength solution. The performance can also be 
attributed to the effect of the MBs concentration and the 
introduction of ConA-glycan interaction to significantly 
increase the binding sites. 


3.5 Bionanogate- 1. Principle of the bionanogate-based aptasensor. 

Based Aptasensor A nanoporous gold film with a pore size of ~20 nm was 
prepared by a metallic corrosion method, and then was func- 
tionalized with two types of thiol-modified single stranded 
oligos (SH-ssDNAs) by means of Au-thiolate bonding. The 
bases of the two immobilized SH-ssDNAs were selected to be 
partly complementary to that of the two ends of an aptamer, 
respectively. Then, aptamers were added, and hybridized with 
the two immobilized SH-ssDNAs, resulting in the nanopore 
covered with aptamers, a “closed” bionanogate. Finally, the 
aptamer covered nanopore film was placed onto an enzyme 
pre-coated glassy carbon electrode to form an aptasensor. The 
working principle of the bionanogate-based aptasensor for 
detection of AIV H5N1 is illustrated in Fig. 14. Initially, with- 
out the target AIV, the bionanogate was kept “closed”, which 
isolated coenzymes and substrates in the testing solution from 
the enzymes immobilized on the electrode so that the 
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Fig. 14 Principle of the bionanogate-based aptasensor for detection of AIV H5N1 
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Fig. 15 The three electrodes electrochemical configuration used for measurements 


enzymatic reaction was restricted (Fig. 14a). Upon the target 
virus binding, the aptamers dissociated into solution from their 
ssDNAs and formed aptamer-virus complexes, which triggered 
the bionanogate “open” (Fig. 14b). This “open” state allowed 
coenzymes and substrates to diffuse freely through the opened 
nanopore and to create contact with the immobilized enzymes, 
resulting in an efficient enzymatic reaction (Fig. 14c). 

Figure 15 shows the three electrodes electrochemical con- 
figuration used for measurements. All electrochemical mea- 
surements were performed using an_ electrochemical 
workstation model 750B. For flow injection measurements, a 
fabricated bionanogate electrode was employed as a working 
electrode. This electrode was inserted into a confined wall jet 
flow through a cross-flow thin-layer detection cell comprising 
an Ag/AgCl reference electrode and a stainless-steel auxiliary 
electrode (counter electrode). 


. Preparation of the nanoporous gold film. 


The nanoporous gold film was prepared using the metallic 
corrosion method. It was prepared by floating 12 K white gold 
leaves onto concentrated HNO; solution for 60 min, which 
was subsequently rinsed three times with MilliQ. During this 
process, nearly all Ag atoms were dissolved away, leaving 
behind a bicontinuous porous Au membrane structure with 
pore size around 20 nm. 


. Immobilization of the thiolated ssDNA probes on the nano- 


porous gold film and the hybridization of aptamers with 
ssDNAs. 

Immobilization of the thiolated ssDNA probes on the nano- 
porous gold film was conducted following the method 
described in our previous study [16]. The nanoporous gold 
film was covered with a solution containing a pair of ssDNA 
probes (1:1) at room temperature for 2 h, allowing the 
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thiolated ssDNA probes to be self-assembled on the gold sur- 
face through Au-thiolate bonding. Then the nanoporous gold 
film was rinsed with MilliQ water. Aptamer hybridization to the 
ssDNAs was accomplished with a similar procedure to that for 
DNA hybridization in solution with some modification. 
Annealing buffer (10 mM Tris-HCl, pH 7.5, 0.1 M NaCl, 
1 mM EDTA) containing aptamers was heated to 95 °C for 
10 min and added on the nanoporous gold film for annealing. 
Double stranded DNA was formed by gradually decreasing the 
temperature from 95 °C to room temperature. The nanopor- 
ous gold film was then rinsed with MilliQ water. 


. Preparation of the enzyme electrode coated with a nanoporous 


gold film. 

Glassy carbon electrodes were first polished with BAS pol- 
ishing kits. The electrodes were sonicated in MilliQ water for 
2 min after each polishing step to remove alumina particles. 
After the final sonication, the electrodes were dried in air. The 
immobilization of lactate dehydrogenase (LDH) onto the 
glassy carbon electrode surface was carried out as below. 20 ul 
of LDH (1:10 dilution in 10 mM PBS, pH 7.4), 5 pl of bovine 
serum albumin (BSA) (2 mg/ml in 10 mM PBS, pH 7.4), 5 ul 
of 5% glutaraldehyde and 10 pl PBS (10 mM, pH 7.4) were 
mixed thoroughly. Then, 2.5 pl of the resulting mixture was 
spread on the surface of a glassy carbon disk electrode (3 mm 
diameter). The modified enzyme electrode was dried overnight 
at 4 °C. Finally, the nanoporous gold film was floated on MilliQ 
water, attached to the enzyme coated electrode, and allowed 
dry for 24 h at 4 °C. A glassy carbon electrode before and after 
LDH immobilization and then with a nanoporous gold film 
coating is shown in Fig. 16. 


. Detection of AIV H5N1 using the bionanogate based 


aptasensor. 

Initial currents were recorded for the nanoporous gold film 
coated LDH electrode without aptamers coating for the 
“open” bionanogate. Then, the hybridization of 1 nmol 





Fig. 16 A glassy carbon electrode (a) before and (b) after LDH enzyme immobilization, and (c) with a 


nanoporous gold film coating 
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Fig. 17 Detection of AIV H5N1 using the bionanogate based aptasensor: Peak 
currents of the bionanogate controlled enzymatic reaction: before (7) and after 
(2) aptamer blocking; and then the target virus triggered reopen of the 
bionanogate (3) 


aptamer with the ssDNAs that were pre-attached to the nano- 
porous gold film was applied, and the blockage currents were 
recorded for the “closed” bionanogate. Finally, the target AIV 
H5N1 (4 HAU, 50 ul) was added to trigger the bionanogate to 
reopen and final currents were recorded. All currents were 
recorded by injecting a mixture of lactate (2.875 mg/ml) and 
coenzyme (0.175 mg/ml) at a flow rate of 0.5 ml/min with an 
injection volume of 50 pl. The typical peak currents are pre- 
sented in Fig. 17. 


1. Method of preparation: The virus was produced in specific- 
pathogen-free (SPF) embryonating chicken eggs inoculated 
by the allantoic sac route. The virus has been inactivated with 
beta-propriolactone (0.1% final concentration), and sodium 
azide has been added at a final concentration of 0.1%. 

2. Asurface plasma wave (SPW) is an electromagnetic wave which 
can be generated at the interface between a dielectric and a 
metal [17]. The RI of an SPW can be expressed as Sellmeier 
equation: 





re =14+ |] a) 


where à is the vacuum wavelength, B,, and C, are experimen- 
tally determined Sellmeier coefficients. RI is refractive index, 
which is defined as the ratio of the speed of light in vacuum and 
the phase velocity of light in the medium. 
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3. The density of aptamers on the polymer chains can be 
controlled by the ratio of aptamer to acrylamide, and in the 
same way the ssDNA density on the polymer chains can be 
adjusted by changing the ratio of the ssDNA to acrylamide. 


4. It involved the following steps. First, an oriented monolayer of 
16-mercaptohexadecanoic acid (MHDA), a long-chain carbox- 
ylic acid-terminating alkanethiol, was formed via the strong 
Au-thiolate bond with the tail carboxylic group exposed at 
the monolayer-liquid interface. The monolayer of MHDA 
appears to be stable indefinitely in aqueous solution at room 
temperature, and it is thermally more stable than the SAMs 
from short-chain disulfides or thiols. In the second step, the 
MHDA-SAM was treated with 1-ethyl-3-(3-dimethylamino- 
propyl )carbodimide (EDC) and N-hydroxysuccinimide ester 
(NHS) to form an NHS ester. In the third step, the active NHS 
ester was replaced by the primary amines presented in the poly 
(acrylamide-co-aptamer) polymer hydrogels, and the poly 
(acrylamide-co-aptamer) hydrogels were thus immobilized 
through the amide bond. 


5. The physical adsorption of streptavidin onto the electrode surface 
caused a large decrease in impedance as compared to pure mea- 
suring buffer. The reason for the decrease in impedance value 
after streptavidin binding was likely due to a shift in the isoelectric 
point at the electrode surface, resulting in the local ion concen- 
tration being increased. This had the effect of decreasing the 
solution resistance and increasing the capacitance in the biosen- 
sor, thus decreasing the impedance value. An increase in imped- 
ance was seen after incubation with aptamers indicating successful 
immobilization of aptamers through biotin-streptavidin binding. 
The capture of AIV onto the modified electrode surface further 
increased the impedance, with the increase in impedance corre- 
lating to the virus concentration. The impedance increase caused 
by the binding of the virus was likely caused by the blockage of the 
flow of ions between the electrode fingers. 


6. The phase angle describes the relative contributions of the real 
and imaginary elements to the total impedance value. A phase 
angle of —90° is the result of a purely capacitive system, 
whereas a phase angle of 0° is the product of a system that is 
purely resistance. The dip in the phase angle in the mid fre- 
quency range indicates where the capacitive portion of imped- 
ance contributes the least to the impedance measurement. For 
the virus detection, the phase angle is close to —90° on both 
ends of the impedance spectrum while it approaches —25° to 
—30° in the middle frequency range. From this, it can be 
concluded that the capacitive portion of impedance is domi- 
nant at the high and low ends of the frequency range while the 
resistance dominates the mid frequency range, where the larg- 
est amount of impedance magnitude change is seen. 
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Optical and Electrochemical Aptasensors for Sensitive 
Detection of Streptomycin in Blood Serum and Milk 


Mohammad Ramezani, Khalil Abnous, and Seyed Mohammad Taghdisi 


Abstract 


Detection and quantitation of antibiotic residues in blood serum and foodstuffs are in great demand. We 
have developed aptasensors for detection of streptomycin using electrochemical and optical methods. In the 
first method, an electrochemical aptasensor was developed for sensitive and selective detection of strepto- 
mycin, based on combination of exonuclease I (Exo I), complementary strand of aptamer (CS), arch shaped 
structure of aptamer (Apt)-CS conjugate, and gold electrode. The designed electrochemical aptasensor 
exhibited high selectivity toward streptomycin with a limit of detection (LOD) as low as 11.4 nM. 
Moreover, the developed electrochemical aptasensor was successfully used to detect streptomycin in milk 
and serum with LODs of 14.1 and 15.3 nM, respectively. In the second method, fluorescence quenching 
and colorimetric aptasensors were designed for detection of streptomycin based on aqueous gold nano- 
particles (AuNPs) and double-stranded DNA (dsDNA). In the absence of streptomycin, aptamer /FAM- 
labeled complementary strand dsDNA is stable, resulting in the aggregation of AuNPs by salt bridge and an 
obvious color change from red to blue and strong emission of fluorescence. The colorimetric and fluores- 
cence quenching aptasensors showed excellent selectivity toward streptomycin with limit of detections as 
low as 73.1 and 47.6 nM, respectively. The presented aptasensors were successfully used to detect 
streptomycin in milk and serum. For serum, LODs were determined to be 58.2 and 102.4 nM for 
fluorescence quenching and colorimetric aptasensors, respectively. For milk, LODs were calculated to be 
56.2 and 108.7 nM for fluorescence quenching and colorimetric aptasensors, respectively. 


Key words Aptasensor, Aptamer, Streptomycin, Exonuclease I, Arch-shape structure, Fluorescence, 
Colorimetry 


1 Introduction 


Streptomycin is a broad-spectrum antibiotic which is used in 
human and veterinary medicine for treatment of gram-negative 
infections [1, 2]. Inappropriate and uncontrolled administration 
of streptomycin could result in the presence of this antibiotic in 
foodstuffs and serious side effects on human health, such as neph- 
rotoxicity and ototoxicity [1, 3]. Plasma concentrations of strepto- 
mycin above 35 pg/mL could cause toxic effects [4]. According to 
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the European commission, the maximum permitted level of strep- 
tomycin in milk is 200 pg/kg [5]. Thus, development of sensitive 
methods for detection of streptomycin in serum and animal derived 
foods are in great demand. 

A variety of analytical approaches have been used for detection 
of streptomycin, such as immunoassays, radioimmunoassays (RIA), 
fluorescence immunoassays (FIA), and enzyme-linked immunosor- 
bent assays (ELISA). All exhibit cross-reactions with other sub- 
stances in biological sample analysis [2, 6, 7]. Liquid 
chromatography-mass spectrometry (LC-MS) is a highly sensitive 
method for detection of streptomycin, but is labor-intensive and 
expensive [2, 8, 9]. High performance liquid chromatography 
(HPLC) has also highly sensitivity for streptomycin but requires 
post-column derivatization owing to the lack of chromophore 
groups in streptomycin [2, 10, 11]. 

Aptamer-based sensors, or aptasensors, have been widely used 
in analytical methods. Aptamers are short single-stranded DNA 
(ssDNA) or RNA molecules obtained by an in vitro process called 
SELEX (Systematic Evolution of Ligands by EXponential enrich- 
ment) | 12, 13]. They are able to selectively and sensitively bind to 
their preselected targets, ranging from small molecules to cells [ 14, 
15]. Aptamers exhibit some advantages over traditional antibodies, 
including low cost, ease of synthesis and modification, excellent 
thermal stability, and lack of immunogenicity and toxicity [13, 
16-18]. Due to these advantages aptamers have great potential 
for application in the fabrication of a variety of sensors |19, 20]. 

Gold nanoparticles (AuNPs) are increasingly used in construc- 
tion of fluorescent, colorimetric and electrochemical aptasensors 
owing to their unique advantages. These include good biocompat- 
ibility and conductivity, extremely high extinction coefficients, ease 
of synthesis and functionalization, chemical stability, large surface 
area, and unique optical and electrical properties [21-23]. 

Electrochemical aptasensors are particularly useful in compari- 
son with other sensing methods due to properties like high sensi- 
tivity, simplicity, low cost, and rapid response [24-26]. 

Colorimetry has been commonly applied for analytical applica- 
tions since the readout requires only the naked eye [27, 28]. Fluo- 
rescence is one of the most powerful signal transduction mechanisms 
and has been widely used for design of aptasensors, owing to its high 
sensitivity, ease of application, and simplicity [29, 30]. 

In the first study presented in this chapter, a novel electrochem- 
ical aptasensor was designed for detection of streptomycin. The 
device employs a combination of gold electrode, complementary 
strand of aptamer, an arch shaped structure of aptamer- 
complementary strand conjugate and exonuclease I (Exo I). In 
the absence of streptomycin the gate remains closed and the elec- 
trochemical signal is weak. Upon addition of streptomycin the 
aptamer disassociates from the CS, binds to streptomycin and the 
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arch shaped structure is disassembled. Following addition of Exo I, 
a strong electrochemical signal is observed. 

In our second study, fluorescent and colorimetric sensors based 
on aptamers, complementary strands and AuNPs were designed for 
detection of streptomycin in milk and blood serum. In the presence 
of streptomycin aptamer binds to its target allowing for the FAM- 
labeled complementary strand to be adsorbed on the surface of 
AuNPs. Consequently, the well-dispersed AuNPs remain stable 
against salt-induced aggregation having a wine-red color and the 
fluorescence of FAM-labeled complementary strand is efficiently 
quenched by AuNPs. 

In all of this work the sensing agent is a ssDNA aptamer that 
binds to streptomycin with high affinity [2]. 


1. Aptamers. 

The streptomycin aptamer (Apt), 5’-TAG GGA ATT CGT 
CGA CGG ATC CGG GGT CTG GTG TTC TGC TTT GTT 
CTG TCG GGT CGT CTG CAG GTC GAC GCA TGC GCC 
G-Thiol-3’, and its complementary strand (CS), 5’-Thiol-GGT 
GTT GTT AGC GGC GTA ACG AAT TCC CTA -3’ (only the 
last 10 nucleotides of 3’-end of CS bind to the last 10 nucleo- 
tides of 5’-end of Apt through base pairings), were purchased 
from Bioneer (South Korea). Plasma from rat, streptomycin, 
amoxicillin, gentamicin, ciprofloxacin, kanamycin, potassium 
hexacyanoferrate(III) (K3] Fe(CN)¢]), potassium hexacyanofer- 
rate(II) trihydrate (Ky|[Fe(CN).6|.3H2O), propranolol, 6- 
mercaptohexanol (MCH), and tris(2-carboxyethyl) phosphine 
hydrochloride (TCEP) were obtained from Sigma (USA). Exo- 
nuclease I (Exo I) was purchased from Thermo Scientific (USA). 


2. Apparatus. 

Differential pulse voltammetry (DPV) and cyclic voltamme- 
try (CV) measurements were carried out using a pstat 400 
portable Biopotentiostat/Galvanostat (DropSens, Spain). 
Screen-printed gold electrodes (SPGEs) were purchased from 
DropSens (Spain, DRP-220BT). They include a three elec- 
trode configuration printed on the same strip. The dimensions 
of the strips are 34 mm x 10 mm x 0.5 mm 
(length x width x height). They are composed of gold work- 
ing electrode, silver reference electrode and gold counter elec- 
trode. Data were assessed using DropView8400 software. 


1. Aptamers. 
The streptomycin aptamer (Apt), 5’-TAG GGA ATT CGT 
CGA CGG ATC CGG GGT CTG GTG TTC TGC TTT GTT 
CTG TCG GGT CGT CTG CAG GTC GAC GCA TGC GCC 
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G -3’, its complementary strand (Cs), 5’-C GGC GCA TGC 
GTC GAC CTG CAG ACG ACC CGA CAG AAC AAA GCA 
GAA CAC CAG ACC CCG GAT CCG TCG ACG AAT TCC 
CTA -3’, and FAM (3’-Fluorescein)-labeled complementary 
strand were obtained from Bioneer (South Korea). Rat 
serum, streptomycin (STR), kanamycin, gentamicin, ciproflox- 
acin, amoxicillin and sodium tetrachloroaurate (III) (HAuCl,) 
were purchased from Sigma (USA). Milk was purchased from 
Razavi (Iran). 


2. Apparatus. 

The size, zeta potential and morphology of synthesized 
AuNPs were evaluated by a particle size analyzer (Malvern, 
UK) and transmission electron microscopy (TEM) (CM120, 
Philips, Netherland). Absorbance and fluorescence intensities 
were recorded using a Synergy H4 microplate reader (BioTek, 


USA). 


The design of the electrochemical aptasensor was based on an arch 
shaped structure of Apt-CS conjugate, target-induced release of 
aptamer from CS and digestion of CS by Exo I (see Note 2). In 
this study, Exo I was used as an enzyme which specifically digests 
the ssDNA from its 3’-terminus because of its low cost, buffer 
compatibility and good selectivity | 30, 31]. 

The principal of the presented electrochemical aptasensor has 
been shown in Scheme 1. In the absence of streptomycin, arch 
shaped structure of Apt-CS conjugate remains intact and the CS 
is protected from degradation by Exo I, leading to the limited 
access of redox probe to the surface of electrode and a weak 
electrochemical signal. 

Addition of streptomycin causes a conformational change 
and formation of Apt/streptomycin conjugate and release of 
CS from the aptamer, because it has been proved that aptamer 
binds to its corresponding target with a higher binding constant 
compared to its complementary strand [14, 33]. When Exo I is 
added onto the surface of electrode, CS (as a ssDNA) is 
degraded, resulting in more access of the redox probe to the 
surface of electrode and the enhancement of the electrochemical 
signal. 


1. Preparation of Apt-CS-modified electrode (arch shaped 
structure). 

Aptamer (1 pM final concentration) and CS (1 uM final 

concentration) were separately pretreated with 10 mM TCEP 
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Scheme 1 Schematic illustration of streptomycin detection based on an electrochemical aptasensor. In the 
absence of streptomycin, the arch shaped structure of Apt-CS conjugate is intact and redox probe does not have 
access to the electrode surface, leading to a weak electrochemical signal (a). In the presence of streptomycin, 
aptamer binds to streptomycin and leaves the CS. Addition of Exo | degrades CS, allowing the redox probe to 
access the electrode surface resulting in a strong electrochemical signal (b). Copied from Ref. [32] 


in immobilization buffer (100 mM NaCl, 1 mM EDTA, 10 mM 
Tris-HCl, pH 7.4) for 1 h at room temperature. 4.5 uL of each 
solution (totally 9 uL) was added onto the surface of SPGE and 
incubated at room temperature for 12 h under 100% humidity, 
followed by incubation with 1 mM MCH solution (10 uL) for 
l h to block the untreated sites of SPGE. Then, hybridization 
buffer (1 mM EDTA, 10 mM Tris-HCl, pH 7.4) was used to 
rinse thoroughly the surface of electrode. 


2. Optimization of Exo I concentration. 

Different amounts of Exo I (0-30 U) were added onto the 
surface of Apt-CS-modified electrodes treated with 1.5 uM 
streptomycin for 30 min. After incubation for 1.5 h at 37 °C, 
the electrodes surfaces were rinsed thoroughly with the hybri- 
dization buffer. Then, the electrochemical signals were 
recorded using CV. CV measurements were performed in 
2 mM Ky|Fe(CN).6| and K3[Fe(CN).| (redox probe) solution 
containing 0.1 M KCI, scanning from —0.5 V to 0.8 V at a scan 
rate of 50 mV/s (Fig. la) (see Note 1). 


3. Effect of incubation time of Exo I on the electrochemical 
signal. 

15 U Exo I in Tris-HCl buffer (20 mM, pH 7.4) contain- 
ing MgCl, (2 mM), was added onto the surface of Apt-CS- 
modified electrodes treated with 1.5 uM streptomycin for 
30 min. The electrodes were incubated at 37 °C from 0-3 h. 
Next, the electrodes were rinsed with the hybridization buffer 
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Fig. 1 Factors involved in the electrochemical signal of electrode. (a) 
Electrochemical signal in the presence of various concentrations of Exo | (0 (a), 
3 (b), 7 (c), 15 (a), and 30 U (e) from bottom to top), and pH = 7.4. (b) 
Electrochemical signal as a function of Exo | incubation time (0 (a), 0.5 (b), 1 
(c), 1.5 (a), and 3 h (e) from bottom to top) 


and the electrochemical signals were measured using CV 
(Fig. 1b) (see Note 3). 


4. Function study of the electrochemical aptasensor. 

The interaction of streptomycin and the aptasensor was 
evaluated by electrochemical measurement. The Apt-CS-mod- 
ified electrode was immersed in phosphate buffer saline 
(20 mM, pH 7.4), containing 1.3 pM streptomycin. After 
incubation for 30 min at room temperature, the electrode 
was rinsed with PBS and incubated with 15 U Exo I. After 
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Fig. 2 CV responses of bare electrode (red curve, a), Apt-modified electrode 
(green curve, c), Apt-CS-modified electrode (gray curve, f), Apt-CS-modified 
electrode + Exo | (pink curve, e), Apt-CS-modified electrode + streptomycin 
(black curve, d) and Apt-CS-modified electrode + streptomycin + Exo | (blue 
curve, b) 


incubation at 37 °C for 1.5 h, the electrode was rinsed with 
PBS and the electrochemical signals were measured using CV 


(Fig. 2). 
5. Detection of streptomycin based on electrochemical 
measurement. 


Apt-CS-modified electrodes were immersed in a range of 
streptomycin concentrations (0-3000 nM) in 20 mM PBS 
(pH 7.4) and incubated at room temperature for 30 min. 
Then, the electrodes were rinsed with PBS and incubated 
with 15 U Exo I for 1.5 h at 37 °C, followed by rinsing with 
PBS. The electrochemical signals were recorded using DPV by 
scanning the potential from 0 to 0.3 V with the pulse potential 
of 30 mV and the pulse time of 25 ms (Fig. 3a, b). 


6. Selectivity of the designed electrochemical aptasensor. 

The selectivity was assessed in the presence of 1.5 uM 
streptomycin, gentamicin, ciprofloxacin, amoxicillin and kana- 
mycin (Fig. 3c). 

7. Detection of streptomycin in milk and serum. 

To evaluate the applicability of the electrochemical apta- 
sensor in milk and serum, different concentrations of strepto- 
mycin (0-3000 nM) were spiked to milk and serum. Apt-CS- 
modified electrodes were immersed in the samples. After incu- 
bation for 30 min at room temperature, the electrodes were 
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Fig. 3 (a) DPV peaks of the Apt-CS-modified electrode in the presence of various concentrations of 
streptomycin in PBS (from bottom to top 0, 30, 80, 160, 350, 750, 1500, 2200, 3000 nM). (b) Streptomycin 
standard curve in PBS. (c) Relative electrochemical signal of Apt-CS-modified electrode in the presence of 


various antibiotics 


3.2 Optical 
Aptasensors 


rinsed with PBS followed by addition of 15 U Exo I onto the 
surface of Apt-CS-modified electrodes. After incubation for 
1.5 h at 37 °C, the electrodes were rinsed with PBS and 
streptomycin concentrations were measured by DPV (Fig. 4). 


The colorimetric and fluorescence quenching aptasensors are based 
on target-induced release of the complementary strand from the 
aptamer, resulting in the strong interaction of ssDNA with water- 
resuspended AuNPs and no or little interaction between dsDNA 
and AuNPs. It has been recently demonstrated that the removal of 
sodium citrate by water resuspention of AuNPs could enhance the 
sensitivity of both fluorescence quenching and colorimetric apta- 
sensors |34]. 

For the colorimetric aptasensor shown in Scheme 2 (a), in the 
absence of streptomycin, dsDNA is stable. dsDNA could not pro- 
tect AuNPs from salt-induced aggregation, due to its rigid struc- 
ture [27, 36, 37]. NaCl addition caps the repulsion between 
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Fig. 4 (a) DPV peaks of the Apt-CS-modified electrode in the presence of various concentrations of 
streptomycin in serum (from bottom to top 0, 40, 80, 160, 350, 750, 1500, 2200, 3000 nM). (b) Streptomycin 
standard curve in serum. (c) DPV peaks of the Apt-CS-modified electrode in the presence of various 
concentrations of streptomycin in milk (from bottom to top 0, 30, 80, 160, 350, 750, 1500, 2200, 
3000 nM). (d) Streptomycin standard curve in milk 


unmodified negatively AuNPs, leading to the aggregation of 
AuNPs. Upon the aggregation of these nanoparticles, the color of 
the reaction mixture obviously changes from wine-red to blue or 
light blue [38]. Aptamer binds to its target with a greater binding 
constant compared to an ordinary DNA duplex, so that upon the 
addition of streptomycin, the complementary strand leaves the 
aptamer and aptamer/streptomycin conjugate forms. The released 
complementary strand adsorbs on the surface of AuNPs by electro- 
static interaction between the negatively charged AuNPs and posi- 
tively charged bases of complementary strand [ 33, 39]. Therefore, 
AuNPs are stabilized by the complementary strand against salt- 
induced aggregation. 

For the fluorescence quenching aptasensor (Scheme 2 (b)), 
addition of streptomycin induces formation of aptamer-streptomy- 
cin conjugate and release of FAM-labeled complementary strand. 
Since AuNPs are known as strong quenchers, the adsorption of 
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Scheme 2 Schematic description of streptomycin detection based on colorimetric (a) and fluorescence 
quenching (b) aptasensors. Copied from Ref. [35] 


FAM-labeled complementary strand on the surface of AuNPs, 
results in quenching by the AuNPs through surface energy transfer. 
In the absence of streptomycin, a strong fluorescence emission is 
observed. 


1. Synthesis of water-resuspended AuNPs. 

AuNPs were synthesized by the classical citrate reduction 
method, based on the previously published protocol [40]. A 
100 mL solution of 1 mM HAuCl, was boiled and stirred 
vigorously. 10 mL of a 38.8 mM sodium citrate solution was 
added quickly, which resulted in an obvious color change from 
light yellow to wine red. After boiling for 20 min, the reaction 
flask was allowed to cool to room temperature and stored at 
4 °C before use. The synthesized AuNPs solution was centri- 
fuged at 15,000 x g for 20 min at 4 °C. The supernatant was 
removed and AuNPs were resuspended in ultrapure water. 
Concentrations of AuNPs were estimated based on extinction 
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b) 





Fig. 5 (a) TEM image of AuNPs. (b) Agarose gel electrophoresis of Apt/CS dsDNA. From left to right: Lane 7: 
Apt/CS dsDNA, Lane 2: Apt, Lane 3: Ladder 


coefficient of 2.7 x 10 8 M7' cm™ at à = 520 nm for 15 nm 
AuNPs. 

The size, zeta potential and morphology of synthesized 
AuNPs were evaluated by a particle size analyzer (Malvern, 
UK) and transmission electron microscopy (TEM) (CM120, 
Philips, Holland) (Fig. 5a). 

2. Preparation of dsDNA. 

The Apt/Cs dsDNA was prepared by mixing Cs (4 uM 
final concentration) and aptamer (4 uM final concentration) in 
binding buffer (20 mM Tris-HCl, pH 7.5). The mixture was 
incubated at room temperature for 60 min. Formation of 
dsDNA was investigated by 2.5% agarose gel electrophoresis 
(Fig. 5b). 

3. Streptomycin detection based on colorimetric technique. 

Increasing concentrations of streptomycin, 0-4000 nM 
final concentration, were added to dsDNA (2 uM final concen- 
tration) in 65 uL binding buffer. After 30 min, 5 nM AuNPs 
were added to the assay solution (final volume 200 pL). Mix- 
tures were incubated for 30 min at room temperature (see Note 
4). NaCl to final concentration of 100 mM was added to each 
well and incubated for 5 min, As29 was recorded using a 
Synergy H4 microplate reader (BioTek, USA) (Fig. 6) 


4. Streptomycin detection based on fluorescence quenching 
technique. 

A range of streptomycin concentrations, 0-4000 nM final 
concentration, were added to 2 uM FAM-labeled dsDNA in 
65 uL binding buffer and incubated for 30 min. Then, 5 nM 
AuNPs were added to each well (final volume 200 pL). After 


414 Mohammad Ramezani et al. 












o Em 
0 800 1600 2400 3200 4000 
Concentration (nM) 
C| os 
0.4 
gad 
| L y = 00002x + 0.0237 
£ Rè z099 
0.2 - 
0.1 
ü + T : : i 
30 530 1030 1530 2030 
Concentration (nM) 


Fig. 6 (a) Visual color change upon treatment of AuNPs and dsDNA with varying concentrations of streptomy- 
cin (0, 30, 300, 2000, 4000 nM from left to right). (b) Relative absorbance of AuNPs as a function of 
streptomycin concentration. (c) Streptomycin standard curve. Ao and A are the absorbance at 520 nm before 
and after, respectively, addition of various concentrations of streptomycin 


incubation for 30 min at room temperature, fluorescence 
intensities, Agy = 494 nm and Ag, = 520 nm, were measured 
using the Synergy H4 microplate reader (Fig. 7). 


5. Selectivity of the fluorescence quenching aptasensor. 

The selectivity was analyzed in the presence of 500 nM 
kanamycin, streptomycin, gentamicin, amoxicillin, and cipro- 
floxacin using the fluorescence method (Fig. 8) 

6. Streptomycin detection in serum and milk. 

For detection of streptomycin based on colorimetric and 
fluorescent techniques, increasing concentrations of strepto- 
mycin (0-4000 nM) were added to serum and milk samples. 
Then, rat serum and milk samples were diluted 1:50. Next, 
streptomycin concentrations were measured using the fluores- 
cence quenching and colorimetric techniques (Figs. 9 and 10) 
(see Notes 5 and 6). 
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Fig. 7 (a) Relative fluorescence intensity of FAM-labeled dsDNA as a function of 
streptomycin concentration. (b) Streptomycin standard curve. Fy and F are the 
fluorescence intensities at 520 nm before and after addition of various concen- 
trations of streptomycin, respectively 


1. The optimum concentration of Exo I for complete reaction 
with CS is 15 U. 


2. Enzymatic reaction time is an important parameter to be opti- 
mized in aptasensors. The required time for digestion of CS is 


1.5 h. 
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Fig. 8 Efficiency of fluorescence in the presence of various antibiotics 


3. 


4. 


The limit of detection (LOD) of the electrochemical aptasensor 
is 11.4 nM. 


The minimum concentration of AuNPs for an obvious red 
color is 5 nM. 


. Proteins of serum and milk must be removed before addition of 


these samples to AuNPs because proteins especially albumin are 
adsorbed onto the surface of AuNPs to form a protein 
“corona” around AuNPs, leading to inhibition of salt-induced 
aggregation of AuNPs and also prevention of adsorption of 
ssDNA on the surface of AuNPs. Instead of sample dilution, 
proteins of serum and milk could be removed using acetoni- 
trile. Proteins of serum are discarded using acetonitrile. 125 pL 
of cold acetonitrile is gently mixed with 50 uL of serum and 
milk. After incubation for 60 min at 4 °C, the samples are 
centrifuged at 9500 x g for 10 min at 4 °C. The supernatant 
is collected and streptomycin concentrations are recorded. 


. The limit of detections (LODs) for colorimetric and fluores- 


cence quenching aptasensors are 73.1 and 47.6 nM, 
respectively. 
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Fig. 9 (a) Relative absorbance of AuNPs upon the addition of various concentrations of streptomycin in serum. 
(b) Streptomycin standard curve in serum. Aj and A are the absorbance at 520 nm before and after addition of 
various concentrations of streptomycin, respectively. (c) Relative fluorescence intensity of FAM-labeled dsDNA 
upon the addition of various concentrations of streptomycin in serum. (d) Streptomycin standard curve in 
serum. Fy and F are the fluorescence intensities at 520 nm before and after addition of various concentrations 
of streptomycin, respectively 
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Fig. 10 (a) Relative absorbance of AuNPs upon the addition of various concentrations of streptomycin in milk. 
(b) Streptomycin standard curve in milk. Aj and A are the absorbance at 520 nm before and after addition of 
various concentrations of streptomycin, respectively. (c) Relative fluorescence intensity of FAM-labeled dsDNA 
upon the addition of various concentrations of streptomycin in milk. (d) Streptomycin standard curve in milk. 
Fo and F are the fluorescence intensities at 520 nm before and after addition of various concentrations of 
streptomycin, respectively 
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Chapter 27 


A Lateral Flow Biosensor for the Detection of Single 
Nucleotide Polymorphisms 


Lingwen Zeng and Zhuo Xiao 


Abstract 


A lateral flow biosensor (LFB) is introduced for the detection of single nucleotide polymorphisms (SNPs). 
The assay is composed of two steps: circular strand displacement reaction and lateral flow biosensor 
detection. In step 1, the nucleotide at SNP site is recognized by T4 DNA ligase and the signal is amplified 
by strand displacement DNA polymerase, which can be accomplished at a constant temperature. In step 2, 
the reaction product of step 1 is detected by a lateral flow biosensor, which is a rapid and cost effective tool 
for nuclei acid detection. Comparing with conventional methods, it requires no complicated machines. It is 
suitable for the use of point of care diagnostics. Therefore, this simple, cost effective, robust, and promising 
LEB detection method of SNP has great potential for the detection of genetic diseases, personalized 
medicine, cancer related mutations, and drug-resistant mutations of infectious agents. 


Key words Lateral flow biosensor, Point-of-care test, Nucleic acid biosensor, Gold nanoparticle, SNP 
genotype, Isothermal amplification 


1 Introduction 


A single nucleotide polymorphism (SNP See Single nucleotide poly- 
morphism (SNP)) is a single base DNA mutation occurring at a 
specific position within a genome. SNPs cause or increase suscepti- 
bility to many health problems such as genetic diseases, cancers, and 
drug resistance of infectious agents. SNPs also provide key infor- 
mation in support of precision medicine. Therefore there is great 
need for convenient and accurate SNP detection methods for clini- 
cal diagnosis and research. 

Many techniques have been developed to meet the need for 
SNP detection. Such techniques include the polymerase chain reac- 
tion (PCR) [1], SNP microarray [2, 3], fluorescence resonance 
energy transfer (FRET) [4, 5] and electrochemical detection [6]. 
These techniques have been widely applied for SNP detection and 
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Fig. 1 Principle of CSDPR. Target nucleic acid hybridizes to the DNA probe and 
causes the conformational change of DNA probe leading to exposure of primer 
binding site. The primer then hybridizes to DNA probe and is extended by DNA 
polymerase. Due to strand displacement the target nucleic acid is displaced and 
released rather than degraded. The released nucleic acid triggers next cycle of 
reaction, catalyzing transformation of more DNA probe into dsDNA product 


are effective. But these techniques are time-consuming and require 
expensive instruments and highly trained personnel. 

As a new method for nucleic acid detection, circular strand 
displacement reaction (CSDPRSee Circular strand displacement 
reaction (CSDPR)) is simple and convenient [7]. The principle of 
CSDPR is shown in Fig. 1. First, target nucleic acid hybridizes to 
the DNA probe (usually hairpin DNA) and causes conformational 
change of the DNA probe leading to the exposure of a primer 
binding site. The primer hybridizes to the DNA probe and then is 
extended by a DNA polymerase with strand displacement activity. 
Because of strand displacement activity, the target nucleic acid is 
displaced and released rather than degraded. The released nucleic 
acid can trigger the next cycle of reaction and change more DNA 
probe into dsDNA product. Compared to traditional PCR, 
CSDPR can be carried out at a constant temperature and requires 
no special instrumentation. In addition, ligation reactions with 
DNA ligase can be used to detect SNPs with high specificity [8, 
9]. Ligase can covalently join two adjacent probes on the SNP site 
with high fidelity. 

Recently, lateral flow biosensors (LFBsSee Lateral flow biosen- 
sors (LFBs))see Lateral flow biosensors (LFBs) have attracted a 
great deal of research interest because they offer a promising 
approach to realizing point-of-care nucleic acid detection. As 
shown in Fig. 2, a LFB is usually composed of four parts: sample 
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Fig. 2 Principle of LFB. A LFB is composed of four parts: sample pad, conjugate pad, nitrocellulose membrane, 
and absorbent pad. Analyte is applied to the sample pad. The conjugate pad stores the reporter molecules 
(usually AuNP—protein or AUNP—DNA). Capture molecules of analyte and capture molecules of reporter are 
printed on the nitrocellulose membrane to form test zone and control zone, respectively. In the assay, sample 
is applied to the sample pad and driven by capillary force to the absorbent pad. For sandwich assays both 
reporter and capture molecules on test zone recognize target analyte. The presence of analyte causes 
aggregation of reporter molecules on the test zone leading to appearance of a visible line on the test zone. 
Reporter capture molecules on the control zone can directly interact with the reporter producing a visible line 


pad, conjugate pad, nitrocellulose membrane, and absorbent pad. 
The sample pad is pretreated with buffer and can offer suitable pH 
and ion strength for the detection. The conjugate pad is used for 
the storage of reporter molecules (usually AuNP-protein or AuNP- 
DNA). Capture molecules of analyte and capture molecules of 
reporter are printed on nitrocellulose membrane to form test 
zone and control zone, respectively. In the LFB assay, the sample 
is directly applied onto the sample pad. Driven by capillary force, 
sample solution would automatically flow from sample pad to 
absorbent pad. For sandwich assay, both reporter molecules and 
capture molecules on test zone recognize target analyte. The pres- 
ence of analyte causes aggregation of reporter molecules on the test 
zone, leading to appearance of a visible line on the test zone. 
Reporter capture molecules on the control zone can directly inter- 
act with reporter molecules, and thus the appearance of a visible line 
on the control zone demonstrates that the biosensor works prop- 
erly. The whole assay (from loading of sample to readout of result) 
can be accomplished in 20 min. Compared to ELISA assay with 
similar principle, LFB has several advantages. First, LFB needs only 
a sample loading operation, avoiding multiple incubation and 
washing steps necessary for ELISA assay, which is time-saving and 
labor-saving. Second, LFB excludes the use of reagents such as 
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Fig. 3 Schematic illustration of CSDPR used in the assay 


washing buffer and substrate solution, greatly reducing the cost of 
package and transportation. Finally, the result readout of LFB can 
be accomplished by naked eye, thus requiring no complicated 
machines such as a microplate reader. Thus LFB is more suitable 
for point-of-care detection. In the past 2 years, we have developed 
time- and labor-saving LFBs for the detection of nucleic acids [10], 
proteins [11], cancer cells [12], and copper ion [13]. 

Taking advantage of high fidelity of T4 DNA ligase, excellent 
signal amplification by CSDPR, and the special optical properties of 
gold nanoparticles (AuNPs), we developed an LBF for the SNP 
analysis of codon 12 in K-ras oncogene sequence | 14]. The assay is 
composed of two parts: isothermal amplification and LFB detec- 
tion. As shown in Fig. 3, the isothermal amplification system con- 
sists of biotin modified hairpin DNA probe, a short primer, 
digoxin-labeled reporter DNA probe, T4 DNA ligase, Klenow 
polymerase exo-, dNTPs, and buffer solution. In the presence of 
mutant target DNA (Fig. 3, route mutant), the hairpin probe is 
opened. After hairpin probe and the digoxin-labeled reporter DNA 
probe annealing to the mutant target DNA, T4 DNA ligase cova- 
lently joins the two adjacent probes that flank the mutation site by 
5'-PO, of hairpin probe and 3’-OH of reporter probe. Then the 
short primer anneals to the open hairpin probe and starts a poly- 
merization reaction with polymerase and dNTPs. The reaction 
product, a biotinylated digoxin-modified DNA sequence is synthe- 
sized while the target is displaced, which triggers a new round of 
polymerization reaction. This repeating process generates large 
number of biotinylated digoxin-modified DNA sequences. 


2 Materials 


Table 1 
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The biotinylated digoxin-modified DNA sequence joins to AuN- 
P—anti-digoxin antibody conjugates (AuNP-anti-dig) and is then 
captured by streptavidin on the test zone of the nitrocellulose 
membrane. Polyclonal goat anti-mouse antibody on the control 
zone can capture the superfluous AuNP-anti-dig. The red line at 
the control zone indicates that the biosensor works properly, and 
the red line at the test zone indicates the presence of mutant target 
nucleic acid. Qualitative analysis is performed by observing the 
color change caused by aggregation of AuNPs on the test zone, 
and semi-quantitative detection can be realized by recording the 
optical density of the test line with a portable strip reader. While in 
the presence of wild-type target DNA (Fig. 3, route wild-type), 
because of the specificity of T4 DNA ligase, 5'-PO4 of hairpin 
probe and 3’-OH of reporter probe cannot be ligated. The short 
primer triggers a polymerization reaction in the presence of dNTPs 
and polymerase and the target is displaced from hairpin probe. No 
biotinylated digoxin-modified DNA sequence is synthesized. 
Therefore no test line but control line is observed when the reac- 
tion product is loaded to the LFB. 


1. All DNA sequences used in the experiment are listed in Table 1. 
DNA is dissolved in H20 to 10 uM and stored at —20 °C. 


2. Rinsing buffer is prepared by dissolving 1% BSA, 8% sucrose, 
and 0.05% NaN; in 50 mL H320. Rinsing buffer is stored at 
4 °C. 

3. Sample pad buffer is prepared by dissolving 0.5% BSA, 5% 
Triton X-100, and 0.05% NaN; in 50 mL 0.01 M PBS 
pH 7.8. Sample pad buffer is stored at 4 °C. 


4. Adhesive plate: PVC plate, obtained from Vinostech, Shanghai, 
China. 


5. Nitrocellulose membrane: AE99 25 mm x 50 m 1/pk, prod- 
uct code: 10,548,081. Obtained from GE Healthcare, Shang- 
hai, China. 


DNA sequence used in the test 


Hairpin probe 
Reporter probe 
Primer 

Mutant target 


Wild-type target 


P0,-TGGCGTAGGCAAGAGTGCCCTGCCTACGCCATTCC-(T),3-biotin 

digoxin- (T)9-CTTGTGGTAGTTGGAGCTGT 

GGAATGGCG 
TTTTGGGCACTCTTGCCTACGCCAACAGCTCCAACTACCACAAGCCCC 
TTTTGGGCACTCTTGCCTACGCCACCAGCTCCAACTACCACAAGCCCC 
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3 Methods 


3.1 Preparation of 
AuNP-Anti-digoxin 
Antibody Conjugates 


6. 


T: 


Fiberglass: Obtained from Shanghai Jie Ning Biotechnology, 
Shanghai, China. Ref: 800,305. 


Absorbent paper: Obtained from Shanghai Jie Ning Biotech- 
nology, Shanghai, China. Ref: 800,201. 


. Dispenser: XYZ dispenser HM3030, obtained from Shanghai 


Kinbio, Shanghai, China. 


. Cutter: Automatic Strip Cutter ZQ2000, obtained from 


Shanghai Kinbio, Shanghai, China. 


. Strip reader: Test Strip Reader DT2032, obtained from Shang- 


hai Kinbio, Shanghai, China. 


. HAuCly: Product code: G4022-1G. Obtained from Sigma- 


Aldrich Corporation. 


. Sodium citrate: Trisodium citrate dihydrate, Product code: 


10019490. Obtained from Sinopharm Chemical Reagent 
Co., Ltd., Shanghai, China. 


. KCO}: obtained from Guangzhou Chemical Reagent Fac- 


tory, Guangzhou, China. 


. Monoclonal mouse anti-digoxin antibody: Product code: 


D8156. Obtained from Sigma-Aldrich Corporation. 


. Streptavidin: Product code: bs-0437P. Obtained from BEIJ- 


ING BIOSYNTHESIS BIOTECHNOLOGY CO., LTD., 
Beying, China. 


. Polyconal goat anti-mouse antibody: Product code: C020201. 


Obtained from CELLWAY-LAB, Luoyang, China. 


. T4 DNA ligase and buffer: Product code: ELO011. Obtained 


from Thermo Scientific. 


. Polymerase Klenow fragment exo-: Product code: M0212S. 


Obtained from New England Biolabs. 


. dNTPs: Product code: 4019. Obtained from TAKARA BIO- 


TECHNOLOGY (DALIAN)CO.,LTD. 


. PCR tube: Product code: PCR-02-C. Obtained from Axygen. 


. Preparation of AuNPs: AuNPs are prepared using citrate reduc- 


tion method. Briefly, 8 mL 1% sodium citrate is added to 
400 mL of a rapidly stirred and boiling aqueous solution of 
0.01% HAuCl,. After turning red, the solution is boiled for 
10 additional minutes, then cooled to room temperature (see 
Note 1). 


. Optimization of antibody amount: Three microliters of 0.1 M 


KCO; is added to 1 mL of the AuNP solution and shaken 


3.2 Construction of 
Lateral Flow Biosensor 


l. 
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gently for 5 min at room temperature. Then various volume 
(for example 5, 10, 15, 20, 25, 30 uL ) of 0.5 mg/mL mono- 
clonal mouse anti-digoxin antibody is added to the AuNP 
solution and shaken gently for 0.5 h at room temperature. 
Finally 100 uL 10% NaCl is added to antibody coated AuNPs 
and antibody coated AuNPs would turn purple or black if 
antibody is not enough. The least antibody-consuming condi- 
tion (20 uL 0.5 mg/mL in our experiment) with which the 
mixture stayed red after NaCl addition is chosen. If the mixture 
turned purple or black, this step is repeated with increasing 
volume of antibody. 


. Preparation of AuNP-anti-digoxin antibody conjugates: Three 


microliters of 0.1 M KCO; is added to 1 mL of the AuNP 
solution to adjust the pH of solution and shaken gently for 
5 min at room temperature. After pH adjustment, 20 uL (cho- 
sen in “Optimization of antibody amount”) 0.5 mg/mL 
monoclonal mouse anti-digoxin antibody is added to the 
AuNP solution and shaken gently for 0.5 h at room tempera- 
ture. The antibody coated AuNPs are subjected to “blocking” 
by adding 100 pL 10% BSA. The solution is shaken gently at 
room temperature for 0.5 h. Particles are centrifuged 
(12 x 10° rpm, 20 min) to remove any unbound antibody. 
The red pellet is re-suspended in 100 pL of rinsing buffer (1% 
BSA, 8% sucrose, and 0.05% NaN3) and then stored in a 
refrigerator at 4 °C until use. 


Nitrocellulose membrane is attached to the central part of an 
adhesive plate. Streptavidin (8 mg/mL) and polyconal goat 
anti-mouse antibody (2 mg/mL) are dispensed onto the nitro- 
cellulose membrane at the speed of 0.6 pL/cm and 0.8 pL/cm 
simultaneously, to form a test zone and a control zone with a 
dispenser (Fig. 4a). Dispensing speed is a parameter of the 
dispenser and would affect the width of the test and control 
zones. The membrane is then dried at 37 °C for 12 h and 
stored at room temperature until use (see Note 1). 


. Strips of fiberglass (16 mm in width) are used as sample pads 


after being soaked in sample pad buffer. The sample pads are 
dried and stored in low-humidity at room temperature. 


. Conjugate pads are made by spraying AuNP-—anti-digoxin anti- 


body conjugates on fiberglass of 6 mm in width at a speed of 
9 uL/cm with a dispenser (Fig. 4b), and then dried and stored 
in low-humidity at room temperature. 


. Absorbent pads are strips of thick absorbent paper of 17 mm in 


width. A strip of sample pad, conjugate pad, nitrocellulose mem- 
brane, and absorbent pad is attached along the long axis of an 
adhesive plate with an overlap of 2-3 mm as shown in Fig. 4c. 
The plate is then cut into 0.3 cm-wide strips using a cutter. 
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nitrocellulose 
membrane 





Fig. 4 Photos of lateral flow biosensor construction. (a) Drawing of control zone and test zone. (b) Spraying 
AuNP-—anti-digoxin antibody conjugates on fiberglass. (c) Attachment of absorbent pad, conjugate pad and 
Sample pad to the adhesive plate. (d) Cutting the plate into strips 


3.3 DNA Probe All DNA probes are analyzed with OligoAnalyzer Tool from 
Design Integrated DNA Technologies (http://sg.idtdna.com/calc/ana 
lyzer). A 40-base (SNP site, upstream 20 bases and downstream 
19 bases) sequence is chosen as the target sequence. The 3’ termi- 
nus of reporter probe is complementary with the 3’ terminus of 
target (20 bases, including the SNP site). The 5’ terminus of hairpin 
probe (including 5’ arm and loop of the hairpin) is complementary 
to the 5’ terminus of target (20 bases). The length of the stem is 
about 11 bp. Melting temperature of the hairpin probe is about 
65-75 °C. The primer is complementary to the 3’ arm of the 


(A) O F 
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4 E a 
. 10 uM 
1p O r 0.1 fM wild-type target 
a 
100 fM O F 0.01 fM 
a 
10 fM O r negative 
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Fig. 5 Results of (A) different concentrations of mutant target and (B) 10 uM of wild-type target 


3.4 Isothermal 
Amplification of Nuclei 
Acid 


3.5 Detection of 
Amplification Product 
by Lateral Flow 
Biosensor 


4 Notes 


hairpin probe. A nine-base primer is long enough for efficient 
amplification. All probes are analyzed to confirm that there would 
be no self-dimer formation (see Note 2). 


For isothermal amplification, 1 pL of synthetic mutant target or 
wild-type DNA is added to 20 uL reaction solution [1.2 M hairpin 
probe, 12 nM primer, 9.6 nM reporter, 10 U T4 DNA ligase, 5 U 
polymerase Klenow fragment exo-, 50 uM dNTPs, and 1x T4 
DNA ligase reaction buffer (40 mM Tris-HCl pH 7.8, 10 mM 
DTT, 10 mM MgCh, )|ina200 pL PCR tube. Reaction solution is 
incubated at 25 °C for 2 h either in conventional water bath or PCR 
machine and then detected by lateral flow biosensor. 


To detect amplification product by lateral flow biosensor, all ampli- 
fication product is loaded onto the sample pad of the biosensor. 
Then, 60 uL of PBS is loaded to the sample pad. The biosensor is 
scanned using a strip reader 20 min later. 

For the detection of synthetic mutant target DNA, the limit of 
detection is as low as 0.01 f. (Fig. 5a). On the other hand, as much 
as 10 uM of wild-type DNA cannot lead to the presence of red line 
in test zone (Fig. 5b). 


1. The affinity interactions used in the assay (streptavidin—biotin, 
anti-digoxin antibody—digoxin) can be replaced by other anti- 
body-—antigen pairs, and the condition of AuNP antibody con- 
jugation and test zone preparation should be adjusted. 
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2. This method can be used for analysis of other SNP sites. In that 
case, hairpin probe should be carefully optimized, including 
the length of (1) stem, (2) loop, (3) complementary sequence, 


and (4) primer. 
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Loop-Mediated Isothermal Amplification and LFD 
Combination for Detection of Plasmodium falciparum and 
Plasmodium vivax 


Darin Kongkasuriyachai, Suganya Yongkiettrakul, 
Wansika Kiatpathomchai, and Narong Arunrut 


Abstract 


Loop-mediated isothermal amplification (LAMP) has been used to detect several pathogens including 
malaria parasites from field and clinical samples. In this protocol, the malaria LAMP technology is 
developed to differentiate between Plasmodium falciparum (Pf) and Plasmodium vivax (Pr) species by 
targeting the dihydrofolate reductase thymidylate synthase (dhfr-ts) gene, a known target for the antifolate 
class of drugs such as Pyrimethamine. LAMP primer sets are designed and validated for species specific 
amplification. Additionally, specific probes help improve detection and visualization of the products when 
combined with lateral flow dipstick-based (LFD) detection. The protocols are further simplified to elimi- 
nate tedious sample preparation steps, such that crude lysis prepared simply by diluting few microliter (L) 
of blood sample with distilled water is sufficient. The LAMP-LED malaria dhfr-ts protocols are sensitive and 
can detect as little as 1 picogram (pg) of PADNA and 1 nanogram (ng) of PyDNA, or a few microliters of 
crude lysate from infected blood samples (Yongkiettrakul et al., Parasitol Int 63: 777-784, 2014). These 
simplified steps not only reduce cost but also increase the potential for large application in the fields and 
clinical settings. 


Key words Loop-mediated isothermal amplification, LAMP, Malaria, LFD, Lateral flow dipstick, 
Plasmodium, Detection 


1 Introduction 


Approximately 149-303 million malaria cases occurred globally in 
2015 [1]. The existing range of malaria estimates is likely influenced 
by the limited access to malaria diagnostic services in many endemic 
countries. Current methods for laboratory-based malaria diagnosis 
include microscopy examination, rapid diagnostic tests (RD'Ts), and 
molecular detection. Microscopy examination of blood film is the 
gold standard for malaria diagnosis in clinical settings. However, the 
limitations include the requirement of skilled microscopists, parasite 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
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densities, and reliability of microscope facilities [2]. RDTs have 
gained a wide use in various health care settings due to their simple 
protocol. However, performance is dependent on parasite density, 
and false positives can occur as a result of circulating parasite pro- 
teins after parasite clearance [3-5]. Detection of Plasmodium 
genetic materials in field samples and clinical isolates by PCR has 
been well established [6-9 |. PCR-based detection is highly sensitive 
and performs well with low parasitemia samples, but at the same 
time is prone to contamination and false positives. PCR-based 
methods require skilled technicians as well as additional equipment, 
including a thermal cycler, gel electrophoresis apparatus, and carci- 
nogenic chemicals for DNA staining. For these reasons, PCR-based 
detection of malaria parasites is not yet practical in low-resource 
settings where malaria patients are found. 

Loop-mediated isothermal amplification (LAMP) is a simple 
and rapid method that allows for the amplification and detection of 
target sequences without the need for expensive equipment, and 
results can be visualized by naked eye [10-12]. The reaction 
requires only a temperature controlled heating block or water 
bath for the isothermal amplification reaction. The specificity of 
LAMP comes from the use of a set of four primers (F3, FIP, BIP, 
and B3) that are designed to recognize six unique sequences within 
the span of approximately 200 bp of the target DNA. The use of 
additional pair of loop primers (LF and LB) may improve sensitivity 
of the reaction through additional priming sites for strand synthe- 
sis. Two primer sets are designed, one for amplification of Pfdhfr-ts 
and the other for amplification of Prdhfr-ts. Each of the LAMP 
primer set includes two outer primers (F3 and B3) and two inner 
primers (forward inner primers (FIP) and backward inner primer 
(BIP)). The FIP and BIP primers consist of two different sequences 
that recognize the sense and antisense sequences which flank either 
end of the target sequence that would eventually form the loop 
structures |10, 12]. The FIP primer consists of sequences comple- 
mentary to Fl (Flc), a TTTT spacer, and F2. The BIP consists of 
sequences complementary to B1 (Blc), TGTT spacer, and B2. The 
loop primers (LF and LB) recognize specific sequences in the loop 
structures (between F2 and Flc and between B2 and Blc) [13]. 
The bindings of LF and LB primers to the opposite side of loop 
structures provide additional initiation sites for amplification of 
target sequences, and significantly increase sensitivity of the proto- 
col. An additional species-specific DNA probe labeled with FITC is 
designed in order to visualize LAMP results with LFD detection. 
The positions of these primers and probes are shown in Fig. 1, 
while their full sequences are shown in Table 1. 

In the initiation phase of LAMP reaction, the biotin-labeled 
FIP primer, with its longer sequence and higher concentration used 
in the reaction mix, binds to the template DNA and initiates 
complementary strand synthesis. The outer F3 primer then binds 


A 
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Fig. 1 (a) Diagram showing the primer set for LAMP malaria dhfr-ts reaction. The tandem F1c-TTTT-F2 primer 
is called FIP primer. The tandem B1c-TGTT-B2 primer is called BIP primer. (b) Schematic diagram to show the 
position of each primer relative to each other on the dhfr-ts gene. (c) The nucleotide sequences of Pfdhfr-ts 
gene (GenBank J03772.1) and Pvdhfr-ts gene (GenBank X98123.1) were used as template to design a primer 
set for LAMP application; the former is on the /eft and the latter is on the right. The positions and nucloetide 
sequences for LAMP primers are highlighted in grey. Pfdhfr-ts LAMP primer set spans the sequences from 
nucleotide positions 2-278. Pvdhfr-ts LAMP primer set spans the sequences from nucleotide positions 
190-481. The FITC-labeled probe sequences are shown in italics and as underlined sequence [13] 


Table 1 


Nucleotide sequences of primers and probes to detect (A) Pfdhfr-ts and (B) Pvdhfr-ts 


A Primers and Sequences (5' — 3’) Length 
probes (Pfdhfr- (bases) 
ts) 

F3 TGATGGAACAAGTCTGCGACG 21 

B3 GGCATATCATTTACATTATCCACAGTTTC 29 

Biotin-FIP Biotin-CCTAGACCTCTAAATGTGTAG-TTTT-ATGCCATATGTG 49 
CATGTTGTAAGG 

BIP GAAATGTAATTCCCTAGATATGA-TTTT-CATCTCTTATATTTC 51 
AATTTTTC 

LE (loop primer) CATTTTTTITTCCCCTCATTTTTG 23 

LB (loop primer) TGCAGTTACAACATATGTGAATGAATC 27 

FITC-probe FITC-ATAAAGGAGTATTACCAT 18 


(continued) 
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Table 1 
(continued) 


B Primers and 
probes 
(Pvdhfr-ts) 


F3 
B3 
Biotin-FIP 


BIP 


LE (loop primer) 
LB (loop primer) 
FITC-probe 


Sequences (5' — 3’) Length 
(bases) 

GTGGATGAGTCAAAGTATGAGAAGC 25 
GCAGTAGGTCATCTATGCTGTCA 23 
Biotin- GCAGCTTGTCGGCGTTGTCAC-TGTT-ACCTACGAAT 48 

GGAAGCCTCACAG 
GTGGTCATGGGGAGAAGCAACT-TGTT-AGCGTCTTGGAAA 43 

GCAC 
ACCGCTTGTGTTGTCACCCCC 21 
GCCGCTCCCAAACAGAATCAA 21 
FITC-GAGAGCATCCCCAAGCAGTACA 2? 


to the template strand and initiates DNA synthesis, replacing the 
newly synthesized FIP-initiated complementary strand. The FIP 
sequence at the 5’ end of the newly synthesized complementary 
strand forms a loop structure and becomes the template for the 
next reaction of strand synthesis initiated by the BIP primer. The 
outer B3 primer binds and initiates DNA synthesis, replacing the 
synthesized BIP-initiated complementary strand to form the loop 
structure. The end result of the initial round of LAMP is a new 
single stranded DNA template with two looped-out structures at 
both ends due to the structural design feature of FIP and BIP; this 
DNA strand becomes the new template for subsequent cycling 
amplification steps using FIP and BIP. The loop primers (LF and 
LB) recognize specific sequences in the loop structures (between 
F2 and Flc and between B2 and B1c) allow for additional initiation 
sites for amplification of target sequences |10, 12]. The stem-loop 
structure characteristic of LAMP amplification is extended twice as 
long with each round of amplification and can accumulate up to 
10° copies under 1 h. The products form chains of multiple 
stem-loop structure. White precipitation of magnesium pyrophos- 
phate by-products are formed, proportional to the amount of 
amplified products, and can be visualized by naked eye. 

The addition of lateral flow dipstick (LED) provides alternative 
for visualization of LAMP results similar to the current antigen—an- 
tibody-based detection found in commercial RDTs. The LFD/ 
HybriDetect assay buffer system can detect dual-labeled 
biotin—FITC products, while providing a readout format familiar 
to potential non-technical users [14]. 


Loop-Mediated Isothermal Amplification and LFD Combination for Detection. . . 435 


No LAMP : 
products - | 
| = Control Line 
5 EERENS = | i Test Line 
z | e] a i Sample pad 


Biotinylated Positive Negative Not Valid 


LAMP 
Biotin labeled 
Biotin ligand “| FIP primer 





products A, 


r We 


Fig. 2 Diagram depicts the mechanism for detection of specific amplification products on the LFD either at the 
Control Line (A) or the Test Line (B). Figure 2A, the biotin-labeled FIP primer does not bind to non-target 
sequence to initiate amplification, and can not hybridize to the FITC-labeled probe. The free FITC-labeled 
probe can form complex with gold-conjugated anti-FITC antibody, where the latter is captured by the anti- 
rabbit antibody on the Control Line. Figure 2B, the triple-labeled product, biotinylated LAMP amplicon 
hybridized with FITC-labeled probe forming complex with gold-conjugated anti-FITC antibody, is captured 
through binding with biotin-ligand embedded on the Test Line and with anti-rabbit antibody embedded on the 
Control Line. Figure 2C depicts the four potential readouts that can be obtained from the LFD. Both signals at 
the Control and Test Lines are required for positive test results. A single signal on the Control Line is 
interpreted as negative test results. Nonvalid results are LFD strips that did not produce signal on the Control 
Line. Diagram modified from [14] 
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During the hybridization step, the biotinylated LAMP-pro- 
ducts can hybridized to the FITC-labeled probe which can form 
complexes with the gold-conjugated anti-FITC antibody. When 
the LFD strip is allowed to dip into the assay buffer containing 
the triple-labeled complexes (biotin-labeled LAMP product, FITC- 
labeled probe, gold-conjugated anti-FITC antibody), the solution 
migrates by capillary action along the LFD strip and can be cap- 
tured by the biotin-ligand embedded on the Test Line. The free 
gold-conjugated anti- FITC antibody in the assay buffer is captured 
by anti-rabbit antibody embedded on the Control Line. Both 
signals (Test and Control signals) are required for interpretation 
of positive results. Since LAMP primers would not bind to the non- 
target sequence, there would not be amplification of biotin-labeled 
LAMP product to form complexes. Figure 2 shows the diagram of 
how the hybridization complexes are captured on the LFD strip. 

The detection limits for malaria LAMP-LED are found to be as 
low as 0.001 ng of genomic DNA (gDNA) or 0.001% for crude 
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2 Materials 


2.1 Equipment 


2.2 Reagents 


lysates for Pfdhfr-ts LAMP-LED, and as low as 1 ng for g DNA and 
1:15 dilutions of clinical samples for Pvdhfr-ts LAMP-LED, with no 
cross-reactivity to other human malaria species | 13]. 

We further improve the protocol by eliminating the tedious 
steps for genomic DNA extraction as the reaction can be conducted 
with parasite lysate prepared by lysis of blood samples using distilled 
water |13, 15]. 


1. Fixed rotor microfuge (Eppendorf, Hamburg, Germany). 


2. Thermal cycler for LAMP amplification step. If thermal cycler 
is not available, a temperature controlled heating block or 
water bath set at the desired constant temperature may be 
used to incubate LAMP reaction. 


3. Hybridetect HS system (Milenia® GenLine HybriDetect,Gie- 
Ben, Germany) contains both the HybriDetect HS Test Unit 
(LFD) and the HybriDetect HS Assay Buffer. The test unit is 
ready-to-use and suitable for detection of analytes labeled with 
biotin and fluorescein isothicyanate (FITC). 

4. pH meter. 

5. Disposable test tubes: 1.5 mL microfuge tubes and 0.2 mL 
microfuge tubes. We used thin-walled 0.2 mL PCR tubes for 
the latter. 


6. Nalgene 25-mm disposable syringe filters (Thermo Scientific, 
Grand Island, NY, USA). 


7. Plasma tube, 60 USP Units of sodium heparin (4 mL) 


1. Stock solutions requires the following materials and access to a 
liquid cycle autoclave machine. 


2. Phosphate buffered saline (PBS) solution: sodium chloride 
(NaCl), potassium chloride (KCI), disodium hydrogen phos- 
phate (Na :HPO,), potassium dihydrogen phosphate 
(KH,PO,4), hydrochloric acid, and distilled water. 


3. EDTA stock solution: ethylenediaminetetracetic acid (EDTA), 
sodium hydroxide (NaOH) pellet, and distilled water. 


4. Tris-HCl stock solution: Tris(hydroxymethyl)aminomethane, 
HCl, and distilled water. 


5. Tris-EDTA solution: 1 M Tris-HCl (pH 8.0), 0.5 M EDTA 
(pH 8.0), distilled water. 


6. Saponin solution: saponin, distilled water. 


7. SDS solution: sodium dodecyl sulfate (SDS), distilled water. 
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2.3 LAMP Reactions 
Reagents 


2.4 Hybridization 
Reaction Reagents 


8. 


9. 


10. 
ll. 


12. 
LS, 


l. 


l. 


DNA extraction buffer: Tris-HCl (pH 8.0) buffer, EDTA, 10% 
SDS, and Proteinase K. 


Sodium acetate solution: sodium acetate, glacial acetic acid, 
distilled water. 


Molecular grade buffer saturated phenol (pH 7.4). 


Phenol:chloroform:isoamyl alcohol (25:24:1, v/v/v, molecu- 
lar biology grade) 


MgSO, solution: magnesium sulfate, distilled water. 


Protienase K (Molecular biology grade). 


Two LAMP primer sets are custom-synthesized to bind to 
either Pf or Pv dhfr-ts gene. Each set of primer containing 
one FITC-labeled probe and six individual primers where one 
of the primer (FIP) is labeled with biotin. See Table 1 for detail 
composition of primer sets for Pfand Py LAMP reactions. 


. A set of four deoxynucleotide (10 mM each dATP, dCTP, 


dGTP, and dTTP) (New England Biolabs, Ipswich, MA, 
USA). Mix equal volume of each nucleotide to yield 10 mM 
dNTP mix (or final concentration of 2.5 mM each 
nucleotides). 


. Bst 2.0 DNA Polymerase (New England Biolabs, Ipswich, 


MA, USA). 


. 5 M Betaine stock solution (USB Corporation, Cleveland, 


OH, USA). 


. Approximately 2 mL parasite culture can yield approximately 


2 ug genomic DNA (gDNA) following extraction step. To 
collect several milliliters of blood from patients, venous blood 
is collected from malaria patients with informed consent using 
BD Vacutainer Sodium Heparin 10-mL tube (Becton Dicken- 
son, Franklin Lakes, NJ, USA). In reality, only few nanograms 
(ng) of gDNA is necessary for malaria detection through the 
current LAMP method for detection of Pfand Py in infected 
blood samples. 


Two FITC-labeled probes are custom-synthesized (Pacific Sci- 
ence Co., Bangkok, Thailand) to hybridize specifically to the 
loop region of either P. falciparum or P. vivax amplified LAMP 
products. FITC probe is resuspended in distilled. 


. Lateral Flow Dipsticks (LFD) and HybriDetect Assay Buffer 


(Milenia® GenLine, HybriDetect, GieBen, Germany). The 
LED strip is embedded with biotin-ligand on the Test line 
and anti-rabbit antibody on the Control line. The Assay Buffer 
contained polyclonal rabbit anti-FITC antibody conjugated 
with gold particle. 
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3 Methods 
3.1 Preparation of Solutions are sterilized by autoclaving for 20 minutes at 15 1b/in? 
Stock Solutions (psi) and 121 °C on liquid cycle. 


l. 


To prepare (1X) PBS buffer solution (137 mM NaCl, 2.7 mM 
KCI, 10 mM Na- HPO;,, 2 mM KH2PO13), dissolve 8 g NaCl, 
0.2 g KCl, 1.44 g Na HPO,, and 0.24 g of KH2PO;3 in 
approximately 800 mL distilled water. Adjust the solution to 
pH 7.4 with HCl, and then bring up volume to 1000 mL with 
distilled water. Autoclave the solution before use. 


. To prepare stock solution of 0.5 M EDTA (pH 8.0), dissolve 


186.1 g of EDTA in 800 mL distilled water. Adjust pH with 
20 g NaOH pellet, and then bring up volume to 1000 mL with 
distilled water. Autoclave the solution before use. 


. To prepare stock solution of 1 M Tris-HCI], dissolve 12.1 g Tris 


in approximately 60 mL of distilled water. Adjust pH with HCl 
to the get the desired pH. Bring up volume to 100 mL and 
autoclave before use. For this protocol, 1 M Tris-HCl pH 7.0 
and pH 8.0 solutions are used. Autoclave the solution before use. 


. To prepare Tris-EDTA buffer solution (10 mM Tris-HCI] 


(pH 8.0), 1 mM EDTA (pH 8.0)) from stock solutions, add 
l mL of 1 M Tris-HCI! (pH 8.0) and 0.2 mL of 0.5 M EDTA 
(pH 8.0), and bring volume up to 100 mL with sterile distilled 
water. 


. To prepare 5% (w/v) saponin solution, dissolve 5 g of saponin 


in 100 mL distilled water and apply through a filter-fitted 
syringe. 


. To prepare 10% (w/v) SDS solution, dissolve 10 g of SDS in 


100 mL distilled water and apply through a filter-fitted syringe. 


. DNA extraction buffer (20 mM Tris-HCl (pH 7.5), 1 mM 


EDTA, 10% SDS, and 20 pg of Proteinase K) is prepared from 
stock solutions and pre-autoclaved distilled water. 


. To prepare the stock solution of 3 M sodium acetate, dissolve 


40.8 g sodium acetate in approximately 70 mL of distilled 
water. Adjust pH by slowly adding glacial acetic acid until the 
solution reaches pH 5.2. Then bring the volume up to 100 mL 
with sterile distilled water. Sterilize the solution with an auto- 
clave on liquid cycle. 


. Prepare 100 mM MgSO, by dissolving 1.233 g in 50 mL of 


distilled water and autoclave before use. 


3.2 Parasite Culture P. falciparum parasites are cultured in 5% human red blood cells in 
RPMI-1640 medium supplemented with 10% heat-inactivated 
human serum (O+), 0.4 g/L L-glutamine, 5 g/L hypoxanthine, 
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3.3 Preparation of 
Genomic DNA from 

P. falciparum Parasite 
Samples from In Vitro 
Culture 


3.4 Preparation of 
Parasite Lysate from In 
Vitro Culture Samples 
or Clinical Samples 


3.5 LAMP Primer 
Design 


at 37 °C under 1% O, and 5% CO3. [13] Parasites can be harvested 
around 2—8% parasitemia for preparation of parasite lysate or geno- 
mic DNA (see Note 1). 


Only few nanograms (ng) of gDNA is necessary for malaria detec- 
tion through the described LAMP method. Collect a few milliliters 
(2 mL parasite culture can yield approximately 2 pg gDNA) of 
infected red blood cells in a microfuge tube (1.5 mL) and centri- 
fuge at 3000 x g for 2 min. Wash the cells in cold 1X PBS and then 
resuspend in cold 1 mL of 1X PBS. Slowly add 10 pL 5% saponin 
(w/v) (0.05% final concentration) and gently mix the sample. 
Incubate for 5 min at 37 °C to lyse cells. Immediately centrifuge 
the sample at 6000 x g for 5 minutes. Remove the supernatant. 
Resuspend parasite pellet in 100 pL of cold 1X PBS and repeat the 
washing step, if necessary. Resuspend the parasite pellet with 
100 pL DNA extraction buffer, and incubate at 50 °C for 4 h. 
Add 300 uL of distilled water to bring volume to 500 uL. Extract 
DNA by adding an equal volume of phenol, and gently mix by 
inverting the tube several times before centrifuging at 2000 x g for 
8 min. Slowly collect the aqueous layer using a pipet and transfer to 
a new microfuge tube (see Note 2). Add 500 uL of phenol:chloro- 
form:isoamyl alcohol and repeat as above. Precipitate g DNA by 
adding 1/10 volume of sodium acetate and 2.5 volumes of abso- 
lute ethanol. Allow DNA to precipitate for 20 min at —80 °C or 
store overnight or longer at —20 °C. Centrifuge sample at 2000 x g 
for 30 min at 4 °C to pellet the precipitated gDNA, then gently 
discard the supernatant. Wash DNA pellet gently once with 70% 
ethanol, then discard the supernatant and allow to air-dry or dry in 
speed-vacuum. Gently resuspend the pellet in 25-100 pL of 1X TE 
buffer. Determine DNA concentration with UV spectrophotome- 
ter at OD 60. 


For in vitro P. falciparum culture, parasites can be collected directly 
from the culture. For clinical or field samples, we have previously 
reported using BD Vacutainer sodium heparin 10-mL tubes for 
collecting 1-2 mL of venous blood from patients, which is more 
than sufficient for LAMP malaria analysis [13]. Clinical blood 
samples collected from malaria patients should be performed by 
qualified medical technologists (see Note 3). 

To prepare parasite lysate from in vitro culture or clinical sam- 
ples, mix 10 pL of parasite culture with 10 pL of distilled water. Use 
2 uL of parasite lysate for each 25 pL LAMP reaction. 


A key, yet challenging step, in the development of LAMP detection 
is appropriate primer design. Though software programs are avail- 
able to help design suitable primer sets, they have not been success- 
fully used yet in the design of LAMP primer sets for malaria dhfr-ts 
genes, likely due to the high A-T content of the P falciparum 
parasites. 
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3.6 LAMP Reaction 


Nucleotide sequences of Pfdhfr-ts gene (GenBank J03772.1) 
and Prdhfr-ts gene (GenBank X98123.1) are used as template for 
primer design. Manual scan of the Pfdhfr-ts and Pvrdhfr-ts gene 
sequences is done to identify an area spanning a minimum of 300 
base pairs to narrow down the focus for primer design. The areas 
should avoid long and repetitive runs of single nucleotide or 
sequences that are rich in A and T base pairs. From there, primer 
designs are manually done starting with F3 primer (see Note 4). 

Key features of LAMP primers include melting temperature 
(Tm), GC content, secondary structure, and stability at the end 
of the primers. A Tm of 60 °C is recommended for F2, B2, F3, and 
B3, while a Tm of 65 °C is recommended for FIC and B1C, and 
loop primers (LF and LB). The GC content of the primers should 
range from 40 to 65%, but preferably from 50-60%. Each primer 
sequence should recognize unique sequences and positions in the 
target gene. The amplified sequence would span from the outer 
most primers, 5’ end of F3 and 3’ end of B3, which should be 
between 120 and 280 bases apart. The distance between 3’ end of 
F3 to and 5’ end of F2 should range from 0 to 60 bases. Similarly 
requirement is observed for the distance from the 3’ end of B3 to 
the 5’ end of B2. The distance from the 5’ end of F2 and the 5’ of 
the Fl is between 40 and 60 bases, which forms the stem-loop 
structure; a similar distance is required for B2 and B1 sequences. 
Care in the design of primers should be considered to avoid sec- 
ondary structure, particularly at the 3’ end of the primers. Both end 
of the primers should not contain internal complementary 
sequences (primer dimers) or complementary sequences with the 
other LAMP primers. The primers are custom-ordered at 
200 nmole scale from BioDesign (Pathum Thani, Thailand). The 
purified and desalted oligonucleotides are resuspended in sterile 
distilled water. 


1. Prepare master stock and working solution of primers: lyophi- 
lized primers are reconstituted in sterile distilled water to 
100 uM stock for FIP and BIP primers and 10 uM for F3 and 
B3. Resuspended primers can be aliquoted in smaller volume 
for storage in —20 °C to avoid frequent freeze-thaw cycles (see 
Note 5). Working solutions are made by diluting master stock 
in sterile distilled water. Primers FIP and BIP, and LF and LB, 
are diluted to 1 M working solution. Primers F3 and B3 are 
diluted to 0.1 M working solution. 


2. Prepare LAMP master mix for malaria LAMP dhfr-ts: Mas- 
ter mix for Pfdhfr-ts and Pvdhfr-ts should be prepared sepa- 
rately. Calculate the amount needed based on the number of 
reactions to be performed which should also include a positive 
and a negative control. Each LAMP reaction is conducted in 
25 uL total reaction volume containing the following 
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3.7 Lateral Flow 
Dipstick (LFD) Assay 


4 Notes 


a: 


4. 


components: 2 uM each of FIP and BIP primers, 0.2 uM each 
of F3 and B3 primers, 2 uM each of LF and LB primers, 1X 
thermopol reaction buffer (manufacturer supplied), 0.4 M 
betaine, 6 mM MgSO,, 1.4 mM dNTP mix, 8 U, of Bst 
DNA thermos-polymerase (New England Biolabs, Ipswich, 
MA, USA), and sterile distilled water. Negative control can be 
the reaction tube with master mix alone. Positive control can be 
l ng of either Pfor Py genomic DNA (see Note 6). 


Aliquot 23 uL of freshly prepared master mix sample in new 
and properly labeled PCR tubes and keep on ice until use. 


Apply 2 pL of DNA template or parasite crude lysate to be 
tested into individual reaction mix. 


. Incubate samples for 45 min in thermal cycler or water bath at 


60 °C for Pfprimer set and at 63 °C for Pr primer set 


LAMP results can be visualized using LFD assay (see Note 7). 


l. 


Label a LFD strip and a microfuge tube for each sample to be 
tested. Then aliquot 100 uL Hybridetect assay buffer into 
individual microfuge tubes. Keep at room temperature while 
preparing for hybridization step. 


. For hybridization of LAMP product, add 20 pmol (20 uM) of 


FITC-labeled DNA probe, either Pf specific probe or Pv spe- 
cific probes, to the appropriate LAMP reaction tubes and allow 
for hybridization at the single temperature (same as LAMP 
reaction temperature) for 5 min. 


. For detection of LAMP product on LED, aliquot 8 pL of the 


hybridized products (FITC-labeled probes and biotin-labeled 
LAMP amplicons) into the appropriately microfuge tube con- 
taining hybridization assay buffer prepared in step 1. 


. Immerse the “sample pad” of the LED strip into the appropri- 


ate sample solution for 5 min. The sample solution migrates by 
capillary action passing through the Test Line and Control 
Line. 


. Remove the LED from sample solution and interpret results by 


observing bands that appear on the Test Line and/or Control 
Line. 


. Designate a special area for LAMP. At minimum, a separate area 


for DNA or sample preparation from the area for reagent 
preparation is strongly recommended. 


. Use disposable filtered pipet tip to avoid aerosol 


contamination. 
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3. Clinical samples should be collected and processed the same 
day. Otherwise, samples may be stored in a refrigerator to 
minimize lysis of red blood cells which can affect quality of 
samples. 


4. Methods for Pfdhfr-ts LAMP and Prdhfr-ts LAMP are con- 
ducted separately as the objective is to determine malaria spe- 
cies in unknown samples. Two parallel set of experiments will 
be required for each unknown sample to determine if the 
sample is infected with Pfor Py or mix infection. Master mix 
for detection of Pfdhfr-ts and Pydhfr-ts should be prepared 
separately. 


5. If avoidable, reagents should not be thawed more than 2-3 
times. The template will lose some stability with multiple thaw- 
ings. Working solution should be used only once. Single-use 
aliquots could be used to avoid repeated thawing which can 
introduce contamination. 


6. Reaction mix should be freshly prepared on ice and used on the 
same day to minimize potential contamination. When prepar- 
ing master mix, it is recommended to prepare extra volume to 
ensure that enough solution is available. For example, if the 
experiment requires 20 reactions, the master mix can be 
prepared for 21-22 reactions in case of pipetting errors. 


7. LED should be stored at 4 °C and according to the manufac- 
turer’s protocol 
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Chapter 29 


Characterization of In Vivo Selected Bacteriophage for the 
Development of Novel Tumor-Targeting Agents with Specific 
Pharmacokinetics and Imaging Applications 


Jessica Newton-Northup and Susan L. Deutscher 


Abstract 


Bacteriophage (phage) display technology is a powerful strategy for the identification of peptide-based 
tumor targeting agents for drug discovery. Phage selections performed in vitro often result in many phage 
clones/peptides with similar properties and often similar sequence. However, these phage and 
corresponding peptides are selected, validated, and characterized outside the complicated milieu of a living 
animal. Thus, there is no guarantee that peptides from in vitro selections will successfully meet the 
requirements of an in vivo targeting compound. In comparison, in vivo phage display selections have the 
distinct advantage of identifying phage clones with robust pharmacokinetics and tumor/tissue targeting 
ability. This capacity has allowed for the identification of peptides with specific in vivo localization and/or 
clearance profiles. However, in vivo phage display selections also have the potential to result in an array of 
phage clones with various and unknown targets and little to no sequence similarity. Given these short- 
comings, we have developed methods to select phage peptide display libraries in living mice to identify 
phage (and corresponding synthesized peptides) with specific clearance and/or tumor-targeting propensity. 
Additionally, we describe the use of labeled phage clones for the efficient screening of selected 
phage/peptides to aid in the identification and characterization of a phage clone with an optimal and 
specific pharmacokinetic profile. 


Key words Antigen discovery, Bacteriophage, E. coli K 91 BluKan, fUSE5, Peptide-based tumor 
targeting, Screening, Characterization /target validation, Pharmacokinetics 


1 Introduction 


There is a clinical need for tumor targeting compounds that bind 
solely to tumor cells and/or tumor cell associated antigens for both 
diagnostic and therapeutic uses. One approach that has been used 
successfully to identify tumor-targeting biomolecules is through 
combinatorial chemistry using bacteriophage (phage) display. 
Combinatorial chemistry involves the construction of a library 
containing a wide diversity of random molecules as well as the 
ability to efficiently test them for specific properties. Phage display 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
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is a biologically based combinatorial chemistry technique in which 
phage display a genetically fused foreign peptide, antibody frag- 
ment, or other polypeptide upon the surface of the phage virion. 
Much work has focused on the use of peptides from phage display 
selections because they are easily amendable to site specific modifi- 
cation for the conjugation of chelators, chemotherapeutics, or 
other drugs. This then enables the detection and/or targeting of 
cellular processes, interactions, and biomarkers. 

Phage display technology was developed in 1985 and has since 
become a frequently employed method for the identification of new 
disease targets and targeting agents | 1, 2]. Various types of phage 
display libraries are available from commercial sources, however, 
this chapter focuses on phage libraries derived from the fd-tet 
vector (GenBank Accession AF317217) [3]. Specifically, we will 
discuss the use of the two most commonly used libraries, the Type 3 
vector in the fUSE5 phage display library (GenBank Accession 
AF218364), or the Type 88 vector in the f88-4 phage display 
library (GenBank Accession AF218363). These peptides can be 
displayed as linear or cysteine constrained sequences and are fused 
to either coat protein III (fUSE5) or coat protein VIII (f88-4). 
Libraries and host E. coli cells are described in more detail on the G. 
P. Smith Laboratory Homepage (http://www. biosci.missouri.edu/ 
SmithGP/). 

In vitro affinity selection is a repetitive process in which a phage 
display library is incubated with a purified target; most likely a 
purified recombinant protein. Binding phage clones are then cap- 
tured by the target and non-binding phage clones washed away. 
This procedure is repeated with increasing stringency in order to 
find individual phage clones with the highest affinity for the desired 
target. The amino acid sequence of the captured phage clones’ 
displayed foreign peptide is then determined through DNA 
sequencing of the phagemid. However, when phage display selec- 
tion protocols are utilized within the framework of in vivo selec- 
tion, opportunities arise to select phage clones with specific 
pharmacokinetics and/or tumor/organ targeting affinities (see 
Fig. 1). 

In vitro phage display protocols are designed to minimize vari- 
ables and utilize incremental increases in stringency in order to 
maximize affinity and specificity of selected phage clones. In com- 
parison, in vivo phage display is inherently complex. There are 
many barriers to the in vivo selection of a robust phage clone with 
desired pharmacokinetics and/or tumor-targeting ability. In vivo, 
displayed foreign peptides have the potential to be degraded by or 
bound by serum components, including proteases, and/or be 
unable to extravasate from the vasculature into the target tissue, 
etc. Additionally, phage selected against whole tissues, organs, or 
tumors may not be competitively selected due to the huge number 
of antigens presented on the surface of a cell. Regardless, the 
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Fig. 1 In vivo selection of phage with specific pharmacokinetic properties. In vivo phage display is a very 
versatile technique able to identify phage clones with various pharmacokinetic properties [21—36]. We utilize a 
pre-clearing step as a negative selection to remove phage clones that bind to serum components and vascular 
cells. This pre-cleared population is then utilized for three to four rounds of in vivo selection 


utilization of in vivo phage display selection technique allows for 
the identification of a wholly new and different classification of 
targeting compound-one that is customizable to a desired pharma- 
cokinetic profile (see Fig. 1). 

After the conclusion of an in vivo selection protocol, the resul- 
tant phage clones are then identified by DNA sequencing and 
ranked. Clusters with the greatest number of repeated sequence 
are of most importance, while displayed sequence with fewer or no 
repeats are usually of least importance. Within this list of ranked 
phage display selected sequences there will be many peptide 
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2 Materials 


2.1 In Vivo Selection 
of Phage Clones with 
Specific 
Pharmacokinetic 
Properties 


sequences with varying affinity and specificity for the target, and/or 
varying efficiencies in modifying the pharmacokinetic profile of 
phage. Thus, there is a need for quick and efficient phage screening 
protocols. Here we describe the use of in vivo phage display to 
select for phage clones with renal clearance and/or tumor target- 
ing. We also describe the use of biotinylated and fluorescently 
labeled phage clones for improved and accelerated in vitro and 
in vivo screening and evaluation of multiple hits identified via 
in vivo phage display. These techniques can be used to quickly 
and efficiently identify lead compounds (antibody fragment or 
peptides) that will ultimately be utilized for fluorescent or radiolo- 
gic diagnostic or therapeutic uses. 


1. NZY Media with 50 pg/mL Kanamycin and 20 pg/mL Tetra- 
cycline (1x): 1% (w/v) Casein Hydrolysate Enzymatic (N-Z- 
Amine A) (cat# 101290, MP Biomedicals Inc., Solon, OH), 
0.5% (w/v) Yeast Extract (cat# BP 1422, Fisher Scientific, Pitts- 
burgh, PA), and 0.5% (w/v) NaCl (pH 7.5 with NaOH). 
Autoclave and store at room temperature. Add antibiotic only 
at time of experiment (see Note 1). 


2. NZY Agar plates with 100 pg/mL Kanamycin and 40 pg/mL 
Tetracycline: 1x NZY media plus 1.5% (w/v) agar (cat# 
DF0140010, Fisher Scientific, Pittsburgh, PA). Dissolve agar 
by autoclaving the solution, then mix the hot NZY agar with 
gentle inversions. When the NZY agar has cooled enough to 
hold, antibiotic is added, mixed and plates are poured. 


3. Kanamycin stock solution: Dissolve kanamycin sulfate (cat# K- 
4000, Fisher Scientific, St. Louis, MO) to 100 mg/mL in 
deionized H20, filter-sterilize (0.45 um filter), aliquot, and 
store at —20 °C. 


4. Tetracycline stock solution: An initial tetracycline (cat# 
268054, Sigma, St. Louis, MO) solution of 40 mg/mL is 
made with deionized H20 and filter-sterilized with a 0.45 um 
filter. A final concentration of 20 mg/mL is achieved by adding 
an equal volume of sterile glycerol to the dissolved tetracycline. 
Mix thoroughly and store at —20 °C. Protect this solution from 
light with a dark bottle or with aluminum foil. 


5. Calcium and Magnesium Free Dulbecco’s PBS (1 x): 2.67 mM 
KCl, 147 mM KH>,PO,4, 137.93 mM NaCl, 8.06 mM 
Na»,HPO,-7H>O. 


6. DMPB: 50 mL Dulbecco’s Modified Eagle’s Medium 
(DMEM) (1x), 1 Complete Mini ‘Tablet (cat# 
11836170001, Roche Applied Science, Mannheim, Germany), 
and 0.25% (w/v) BSA (cat# B4287, Sigma, St. Louis, MO). 
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DMPB + 2.5% (w/v) CHAPS (cat# C5070, Sigma, St. Louis, 
MO). 


. Amplified and purified precleared random peptide phage dis- 


play library (see Note 2). 


. Tumor bearing ICRSC-M SCID mice (Taconic, Germantown, 


NY). 


. Foil lined cages for urine/feces collection. One cage for each 


mouse. 


. Ice buckets. 

. Insulated bucket (for liquid nitrogen). 

. Cutting board. 

. Weigh paper. 

. Sterile 1 mL syringes (cat# 14-823-434, Fisher Scientific, Pitts- 


burgh, PA). 


. 50 mL conical tubes (cat# 14-432-22, Fisher Scientific, Pitts- 


burgh, PA). 


. Tweezers. 
. Razor blades. 
. Dounce and two sizes of pestle (cat# 11-850-51, Fisher Scien- 


tific, Pittsburgh, PA). 


. 1.5 mL Eppendorf tubes (cat# 05-402-25, Fisher Scientific, 


Pittsburgh, PA). 


. Sterile cryo-vials (cat# 05-669-56, Fisher Scientific, Pitts- 


burgh, PA). 


N-hydroxysuccinimide (NHS) ester amine-reactive reagents. 


(a) Biotinylating reagent NHS-PEO4-biotin—pre-weighed 
2 mg aliquots (cat# 21329, Pierce Chemical Co., Rock- 
ford, IL). 

(b) Oregon Green (OG488)-NHS (cat# O-6147, Invitrogen 
Corp., Carlsbad, CA). 


(c) Near infrared fluorophore labeling reagent NHS- 
AlexaFluor 680 (AF680) (cat# A20008, Invitrogen 
Corp., Carlsbad, CA). 


. Dimethylsulfoxide (DMSO). 

. fd-tet virions dissolved in calcium and magnesium free PBS. 

. 1 M NaH2PO., pH 7.0 with NaOH. 

. Rocker or rotator. 

. TBS (1x): 150 mM NaCl and 50 mM Tris (pH adjusted to 7.5 


with HCl). 
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Slide-A-Lyzer cassettes with molecular weight cutoff of 10 kDa 
(cat# 66380, Pierce Chemical Co., Rockford, IL). 


. Centricon ultrafiltration devices with molecular weight cutoff 


of 100 kDa (cat# 4213, Millipore Corporation, Billerica, MA). 


. 1 mL quartz cuvette 
. U-2000 Double-Beam UV/Vis Spectrophotometer (Hitachi, 


Tokyo, Japan). 
Proteinase-K (cat# 03115887001, Roche Applied Science, 
Mannheim, Germany). 


Biotin Quantitation Kat (Colorimetric) (cat# K811-100, Bio- 
Vision, Milpitas, CA). 


Target cells—Here we use MDA—MB-231 human breast car- 
cinoma cells (American Type Culture Collection (ATCC), 
Manassas, VA). 


. 8 well glass chamber slides—Lab-Tek IJ Chamber Slide with 


cover (cat# 154534, Nalge Nunc International, Roskilde, 
Denmark). 


. Multiwell plates—Here we use 96-well plates (cat# TP92696, 


MidSci, St. Louis, MO). 


. Cell growth media RPMI complete (contains: RPMI 1640, 


4.5 g/L D-Glucose, 2.38 g/L HEPES buffer, L-glutamine, 
1.5 g/L NaHCO3, 110 mg/L Na Pyruvate) (cat#, A10491- 
01, Invitrogen, Carlsbad, California), + 10% FBS, + 7.5 mg/ 
mL Gentamicin. 


. Labeled phage (fluorescent or biotinylated). 


(a) Ananti-Thomsen Friedenreich Antigen phage clone, p30-1. 


(b) A phage clone with no displayed foreign peptide-f88 
control phage. 


. Calcium and Magnesium Free Dulbecco’s PBS (cat# 14190- 


300, Invitrogen, Carlsbad, California). 


. Calcium and Magnesium Free Dulbecco’s PBS + 0.01% Tween. 
. 10% buffered formalin (cat# HT501128, Sigma-Aldrich, St. 


Louis, MO). 


. Vectashield hard set mounting medium with 2-(4-amidinophe- 


nyl)- 1 H-indole-6-carboxamidine (DAPI) (cat# H-1500, Vec- 
tor Laboratories, Inc., Burlingame, CA). 


. Microscope cover glass, 24 cm X 50 cm (cat# 12-545-F, Fisher 


Scientific, Pittsburgh, PA). 


Streptavidin—Horseradish Peroxidase conjugate (SA-HRP) 
(cat# $2438, Sigma-Aldrich, St. Louis, MO). 


HRP substrate (cat# A3219, Sigma-Aldrich, St. Louis, MO). 
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Synergy 2 multi-detection microplate reader (Biolek 
Instruments, Inc., Winooski, Vermont). 


Confocal Laser Scanning Microscope Platform (cat# TCS SP8, 
Leica Microsystems, Buffalo Grove, IL). 


Target cells—Here we use MDA-MB-231 human breast carci- 
noma cells. 


. T-75 flasks (cat# TP90075, MidSci, St. Louis, MO). 
. Cell growth media RPMI complete (contains: RPMI 1640, 


4.5 g/L D-Glucose, 2.38 g/L HEPES buffer, L-glutamine, 
1.5 g/L NaHCO3, 110 mg/L Na Pyruvate), + 10% FBS, + 
7.5 mg/mL Gentamicin. 


4. Calcium and Magnesium Free Dulbecco’s PBS + 2 mM EDTA. 


2.5 In Vivo l. 


Characterization of 


Selected Phage Clones 2. 


Using Optical Imaging 


. Cell scraper (cat# 08-100-241, Fisher Scientific, Pittsburgh, 


PA). 


. 15 mL conical tube (cat# 12-565-268, Fisher Scientific, Pitts- 


burgh, PA). 


. Cell binding buffer (10 mM HEPES, NaCl, Calcium, Glu- 


cose,) (CBB). 


. Labeled phage (fluorescent or biotinylated). 


(a) An anti-Thomsen Friedenreich Antigen phage clone, 
p30-1. 

(b) A phage clone with no displayed foreign peptide-f88 con- 
trol phage. 


. 10% buffered formalin (cat# HT501128, Sigma-Aldrich, St. 


Louis, MO). 


. 40 um cell filter (cat# 22-363-547, Fisher Scientific, Pitts- 


burgh, PA). 


. BD FACScan automated flow cytometer (BD Biosciences, San 


Jose, CA) (see Note 3). 


. Culture test tube 12 x 75 mm (cat# 14—-956-3A, Fisher Scien- 


tific, Pittsburgh, PA). 


Athymic nude (nu/nu) mice (Harlan Laboratories, Indianapo- 
lis, IN) (see Note 4). 


Alfalfa free Maintenance Purified Diet for rodents (cat# AIN- 
93 M, TestDiet, St. Louis, MO) (see Note 5). 


. Near infra-red fluorescently labeled phage from Subheading 


2.2 (see Note 6). 


(a) Gl phage clone—human prostate carcinoma targeting 
phage clone [4—6]. 
(b) RCC1-02—phage clone with renal clearance [7]. 
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(c) A phage clone with no displayed foreign peptide-f88 con- 
trol phage. 
4. Tuberculin syringe with permanently attached beveled needle, 
1/2 mL, 27 G x 1/2 in. (cat#305620, Becton, Dickinson and 
Company, Franklin Lakes, NJ). 


5. Rodent restrainer (cat# RSTR551, Kent Scientific Corp, Tor- 
rington, CT). 

6. IVIS Spectrum (product# IVISSPE, PerkinElmer, Waltham, 

7. IsoFlo Isoflurane (cat# 05260-05, Abbott, Abbott Park, IL). 


1. PC-3 tumor bearing ICRSC-M SCID mice (Taconic, German- 
town, NY). 


2. Biotinylated phage. 


(a) Gl phage clone—human prostate carcinoma targeting 
phage clone [4—6]. 


3. Peirce NeutrAvidin (cat# 31000, Life Technologies, Grand 
Island, NY). 


4. '''InClz; (cat# N132F0, Mallinckrodt Pharmaceuticals, 
Dublin, Ireland). 


5. ‘In radiolabeled DOTA-Biotin-Sarcosine (cat# C-100, 
Macrocyclics, Dallas, TX) (see Note 7). 


6. Tuberculin syringe with permanently attached beveled needle, 
1/2 mL, 27 G x 1/2 in. (cat#305620, Becton, Dickinson and 
Company, Franklin Lakes, NJ). 


7. Rodent restrainer (cat# RSTR551, Kent Scientific Corp, Tor- 
rington, CT). 
8. IsoFlo Isoflurane (cat# 05260-05, Abbott, Abbott Park, IL). 


9. INVEON small animal Micro-SPECT/CT (Siemens Health- 
care GmbH, Germany). 


The process of phage display selection results in a long list of various 
peptide sequences with a myriad of affinities and specificities for the 
chosen target. Additional complications present themselves when 
individual phage clones are selected against whole cells, tissue, or 
organs /tumors in vivo. In short, the selected phage clones require 
arduous validation and characterization. Furthermore, if the selec- 
tion process was designed to identify phage clones with special 
pharmacokinetic profiles then the ability to quickly, efficiently, 
and cheaply screen the individual phage clones in vivo is also 
required. 
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Properties 


Here we use biotinylated or fluorescently labeled phage for 


indirect and direct detection of bound phage virions for efficient 
high-throughput screening of selected phage clones. More tradi- 
tional methods have used the biological activity of the phage to 
infect E. coli for the monitoring of phage concentrations bound to 
the cell surfaces tested | 6, 8]. However, display of foreign peptides 
on the surface of the phage virion can have direct effects upon 
phage infectivity and/or virion assembly (growth rate) [9 |. Thus, 


the 


measurement of the physical presence of phage virions bound 


to the cell surface target is preferable to the measurement of the 
phage infectivity. 


le 


Percent Maximum 
Phage Recovered 


Tail vein inject a tumor bearing SCID (or nude) mouse with 
10'7 IU of prepared phage library (see Notes 2, 8-10). 


. If collecting excreted phage, place a single mouse in a foil lined 


cage. 


. Allow phage library to circulate within the SCID mouse for one 


or more hours (see Fig. 2). 


. For selection of urine/feces clearance phage clones monitor 


mice for the duration of 1 h (or more) and collect urine with 
sterile syringe or feces with sterile tweezers. 


. Place a 50 mL conical tube under the mouse’s mid-section, for 


urine /feces collection, and euthanize the SCID mouse by cer- 
vical dislocation. 


. Organs, tumor, and/or tissues of interest are then harvested, 


weighed, placed in labeled cryo-vials, and quick frozen in liquid 
nitrogen (see Note 11). 


110.00 7 
100.00 7 
90.00 7- 
80.00 4 
70.00 TE 
60.00 +~ 
50.00 7- 
40.00 ~ 
30.00 T 
20.00 Ti 
10.00 4 
0.00 + 


-= i m 15 minutes 











E 30 minutes 
E 1 hour 
E 6 hour 


E 24 hour 





liver kidney spleen lung blood 
Organ 


Fig. 2 Biodistribution of f{USE5 phage library. Clearance profile of fUSE5 f. phage 
display library intravenously injected in a CF1 mouse. The peptide phage display 
library clears from the blood within 30 min to 1 h, depending upon the strain of 
mouse utilized 
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Storage of tissues at —80 °C for up to 2-3 days is fine. After 2-3 
days phage titer decreases. 


. Prepare the work area for tissue processing. Layout a clean 


cutting board with tweezers, razor blades, weigh sheets, and 
pestles. Next to the cutting board place a large ice bucket with 
DMPB, DMPB + 2.5% CHAPS, dounces, and pre-weighed 
1.5 mL eppendorf tubes for each tissue. Finally, place an insu- 
lated bucket filled with liquid nitrogen nearby. 


. Place the cryo-vials of frozen tissue on ice and using tweezers to 


remove the frozen tissue and place on a clean weigh sheet. Cut 
off a section of tissue with a clean razor blade. Replace the 
remaining tissue in the cryo-vial and refreeze the cryo-vial/ 
tissue with the liquid nitrogen. 


Mince the defrosted tissue with a razor blade and transfer to a 
dounce already containing 1 mL of DMPB. 


Using first the smaller dounce, then the larger; dounce 10-20 
times (see Note 12). 


Transfer tissue homogenate to a microfuge tube. 

Pellet the tissue by spinning 6000 rpm (6500 x g) for 3 min. 
Pipette off the supernatant. 

Resuspend pelleted tissue with 500 pL DMPB. 

Repeat steps 13-15 three times. 

Repeat steps 13 and 14. 


Record the weight of the washed and pelleted tissue in the 
tube. 


Resuspend the pelleted tissue with 500 pL DMPB + 2.5% 
CHAPS. 


Place tubes of tissues in DMPB + 2.5% CHAPS on a rotator 
and rotate for 1 h at 4 °C (see Note 13). 


Pellet the tissue by spinning at 6000 rpm (6500 x g) for 3 min. 
Titer supernatant (as described in Subheading 3.2) to define 
the amount of phage eluted from the tissue (ie. IU of phage per 
gram of tissue). 


Pick 10-20 well separated colonies from the titer results and 
sequence the random peptide insert (see Notes 15 and 16). 


Amplify, purify, and dialyze the phage from the lysed tissue 
homogenates in step 21 (as described in [10]) (see Note 17). 


Use phage library from step 23 for the next round of selection. 
Repeat steps 1—23 three or four times. 


Once finished with the final round of selection use the selected 
phage to infect E. colz for generation and isolation of phage 
library DNA phagemid. This isolated and purified DNA should 
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then be utilized for DNA sequencing and subsequent analysis 
of the selected displayed foreign peptides. 


(a) For more traditional DNA sequencing methods, spread 
200 uL of the infected E. coli on NZY agar plates. Pick 
many of the well-separated colonies for sequencing and 
further characterization [5,9, 11, 12]. 


(b) For next generation (or high-throughput) sequencing 
spin the infected E. coli down into a single pellet and 
isolate entire phage library DNA. There are multiple pub- 
lications describing the use of PCR to prepare targeted 
regions of the phagemid DNA for high-throughput 
sequencing [13-15]. 

(c) Alternatively, to avoid problems of PCR bias in sequence 
amplification restriction enzymes can be utilized to cut out 
the foreign peptide DNA sequence followed by blunting 
the ends of the DNA fragment. Next the adapter would 
need to be attached via blunt end ligation. 


. To 1 mL of prepared single clone population of each phage of 


interest, at a concentration of 1 x 10 [13] V/mL (64.8 uM 
coat protein VIII) in PBS, add 100 pL 1 M NaH2POsx. 


. Add DMSO to the NHS reactive label and vortex to quickly 


dissolve the label: 


(a) 200 pL DMSO to a pre-weighed 2 mg aliquot of NHS- 
PEO,-biotin to make a 17 mM solution. 


(b) 51.2 pL DMSO to a pre-weighed 1 mg aliquot of AF680- 
NHS to make a 17 mM solution. 


(c) 115.5 pL DMSO to a pre-weighed 1 mg aliquot of 
OG488-NHS to make a 17 mM solution. 


. Quickly add 4.2 uL of dissolved label to the prepared phage 


solution and vortex to mix (see Note 18). 


. Place each reaction tube on a rotator or rocker for 4 h at room 


temperature, in the dark. 


. Each sample should then be diluted to 3 mL total volume with 


TBS to both quench the reaction and prepare the sample for 
dialysis. 


. The labeled phage should be dialyzed for ~24 h each against 


three to four changes of TBS in Slide-A-Lyzer cassettes with a 
nominal molecular weight cutoff of 10 kDa (see Note 19). 


. To remove any remaining free, uncoupled label the samples 


should be concentrated by centrifugation with an ultrafiltration 
device with a nominal molecular weight cutoff of 100 kDa (see 
Note 19). 
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Fig. 3 Spectral scan of a fluorescently labeled phage solution. Quantification of 
the physical units (virions/mL) of a phage solution is achieved by performing a 
spectral scan of a dilute phage solution. The protein to DNA ratio for filamentous 
phage is ~ 6—1. Thus the UV absorption spectrum can be utilized for the 
calculation of phage concentration in virions/mL [37]. Average labeling efficiency 
is then calculated by dividing concentration of label by concentration of phage 
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Virions/mL = 


8. Quantify of the number of labels per virion by spectral scanning 


(see Fig. 3). 
(a) 220 to 320 nm for the quantification of phage virions 


(Abs 269 — Abs320 ) x Dilution Factor x 6 x 101° 
Number of nucleotide bases per virion 


(b) 680 to 800 nm for AF680 quantification 


Abssgso — Absgoo) x Dilution Factor x Path length 
Extinction Coefficient 


(c) The content of coupled biotin is best determined by pro- 
teinase K digestion of a small aliquot and separation of the 
freed biotin from the phage and proteinase K via ultrafil- 
tration. The quantification of the biotin within the filtrate 
can be accomplished by a number of methods [16-18]. 
We commonly use the colorimetric “biotin quantitation 
kit” (BioVision—see Subheading 2.2). 


. Grow MDA-MB-231 cells to 80-90% confluency within a glass 


chamber slide (for analysis via microscopy) or a 96 well tissue 
culture plate (for analysis via ELISA) (see Notes 20 and 21). 


. Prepare serial dilutions of labeled p30-1 phage and f88 phage; 


1 x 10 [11] down to 1 x 10 [5] V/mL in CBB (see Notes 22 
and 23). 


. Aspirate growth media from cells and rinse each well with 


300 uL CBB and aspirate buffer. 


. Incubate cells with 100 pL phage dissolved in CBB (see Note 


24). 


. Incubate phage and cells at 37 °C for 30 min to 1 h. 
6. Wash cells with 250 pL cold PBS + 0.01% Tween (see Notes 25 


and 26). 


7. Repeat step 6. 
. If using fluorescently labeled phage the glass slide or multiwell 


plate is ready for analysis (see Fig. 4a, b). 


(a) If using a glass chamber slide for microscopy—carefully 
remove the chambers and apply the hard set mounting 
medium with DAPI followed by the cover glass. 


(b) If using a multiwall plate add 100 pL PBS to each well 
prior to quantification with a multi-detection microplate 
reader. 


. If using biotinylated phage incubate cells for 30 min at room 


temperature with SA-HRP at a 1:1000 dilution from the stock 


A 5 min 15 min 30 min 60 min 


WT 
phage 





MDA-MB-435 MDA-MB-231 DU145 B1i6-F10 












an 
| 
| 


—————— 


No Label p30-1 AW fh 
OG — WT 


No Phage 


Fig. 4 Analysis of the anti-Thomsen Friedenreich Antigen phage, p30-1, labeled with OG488 binding to live cell 
cultures via confocal microscopy and cell flow cytometry. (a) MDA-MB-231 cells were grown on glass 
microscope slides for 48 h. WT (f88 phage clone expressing no foreign peptide) and p30—1 phage, directly 
labeled with OG488, were incubated with the cells for 5, 15, 30, or 60 min. The nuclei of the cells were visualized 
using mounting media containing DAPI. The DAPI stained nucleus was used to verify that the focal plane bisected 
the middle of the cells. (b) Specificity of OG488 p30-1 phage for the Thomsen Friedenreich Antigen was probed 
by investigating cell binding to live MDA-MB-435, MDA-MB-231, DU145, and B16-F10 cells. (c) The anti- 
Thomsen Friedenreich Antigen phage, p30-1, labeled with 0G488 fluorophore was incubated with a suspension 
of MDA-MB-231 human breast carcinoma cells for 30 min at 37 °C. The cells were then washed via 
centrifugation and phage bound to the cell surface was quantified via cell flow cytometry 
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Phage Clones Using 
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vial and wash cells again as described in steps 10 through 12 
(see Note 27). 


Add 100 uL HRP substrate to each well and incubate at room 
temperature for 30 min. 


The plate is now ready for quantitation using an absorbance 
plate reader. 


Prepare serial dilutions of labeled p30-1 phage and f88 phage; 
1 x 10 [11] down to 1 x 10 [5] V/mL in CBB (see Notes 22 
and 23). 


. Target cells grown to 80 or 90% confluency in normal growth 


media, within a T-75 flask, should be lifted using an enzyme 
free protocol to preserve all cell surface targets. We suggest 
incubating the cells with 5 mL PBS + 2 mM EDTA for 
5-10 min at 37 °C. If, under the microscope, the cells do not 
look rounded and partially detached from tissue culture plate 
incubate for a further 10 min. 


. Gently scrape the cells off of the tissue culture plate using a cell 


scraper and transfer the 5 mL of suspension of cells to a 15 mL 
conical tube. Gently pipette the cells up and down to ensure a 
single cell suspension. 


. Spin the cells down slowly at 200 x g for 5-10 min (see Note 


28). 


. Aspirate the supernatant, being careful not to disturb the 


pellet. 


. Resuspend the cells in 10 mL CBB. 
. Count the cells. Depending upon the size of the cell type, a 


T-75 flask usually holds between 8 and 10 million cells. 


. Aliquot 500,000 cells per Eppendorf tube and bring total 


volume up to 750 pL. 


. Add labeled phage clone to bring volume up to 1 mL and mix 


by inversion. 


. Incubate phage and cells at 37 °C for 30 min. 

. Spin the cells down slowly at 200 x g for 5 min. 
. Aspirate buffer and resuspend cells in 1 mL CBB. 
. Repeat steps 10 and 11 two times. 

. Resuspend cells in 10% buffered formalin in PBS. 


(a) Pipette up and down to ensure a single cell suspension. 


. Incubate the cells at 37 °C for 15 min. 
. Wash the cells as described in steps 10 through 12. 


. If using biotinylated phage incubate cells for 30 min at room 


temperature with fluorescently labeled streptavidin at a 1:1000 
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Characterization of 

Selected Phage Clones 2 
Using Indirect Pre- 

Targeted Radio- 3 
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dilution from the stock vial and wash cells again as described in 
steps 10 through 12. 


Filter cells with a 40 um filter and transfer the prepared cells to 
a tube appropriate for the cell flow cytometer. 


Cover the tubes with a small piece of Parafilm and place on ice 
until ready to be run on the cytometer (see Fig. 4c). 


Feed nude (nu/nu) mice alfalfa free mouse food for 1 week 
prior to experiment with a cage change 3 to 4 days prior to 
experiment to reduce auto fluorescence/background noise 
within the animal. 


. Fluorescently labeled G1 phage at a concentration of 10"? total 


virions in 200 uL of PBS should be loaded into a Tuberculin 
syringe. 


. Load mice into the rodent restrainer in preparation for intrave- 


nous injection of hair-less nude mice (bearing xenografted 
tumors if screening tumor targeting phage clones) in the tail 
vein with the fluorescently labeled phage (see Note 4). 


. Place mice in cage lined with absorbent paper, supply water, 


but withhold food. 


. Loosely cover the cages with a cloth to block the light. 


. Anesthetize mice with 3% isoflurane for induction at 4-6 h 


post-injection of phage. 


. Place the mice inside the optical imager using 1% isoflurane for 


maintenance. 


. Perform the fluorescence reflectance imaging of the whole 


animal using the appropriate filter sets for the fluorescently 
labeled phage (see Fig. 5). 


Biotinylated G1 phage at a concentration of 10% total virions 
in 100 pL of PBS should be loaded into a Tuberculin syringe. 


. Load mice into the rodent restrainer in preparation for intrave- 


nous injection into the PC-3 tumor bearing mice. 


. Place mice in cage lined with absorbent paper, supply water, 


but withhold food. 


. At 4 h post-injection of phage, again load mice to the rodent 


restrainer for the intravenous injection of 50 pg NeutrAvidin in 
50 uL of PBS (see Note 29). 


. At 24 h post-injection of phage, again load mice to the rodent 


restrainer for the intravenous injection of 50 pL of PBS con- 
taining 7.4 MBq '''In-DOTA-biotin and allow compound to 
circulate for 1 h. 
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AF680 Labeled G1 Phage Biotinylated G1 Phage 
Three-step 





Fig. 5 In vivo imaging of labeled prostate tumor-homing phage clone, G1. (a) A PC-3 human prostate 
carcinoma specific phage clone, G1, labeled with the near infrared fluorophore, AF680, was utilized for 
optical imaging of a PC-3 human prostate carcinoma xenograft within a SCID mouse [5]. (B) A SCID mouse 
bearing a xenografted PC-3 human prostate carcinoma was imaged via SPECT/CT using a three-step 
pretargeting protocol with the biotinylated, PC-3 specific phage clone, G1 [4] 


4 Notes 


(a) Total volume of all three injections should total a maxi- 
mum of 200 uL and should be diluted in a buffered saline 
solution at a pH between 6 and 7. 


. Anesthetize mice with 3% isoflurane for induction. 
. Place the mice inside the SPECT /CT imager using 1% isoflur- 


ane for maintenance. 


. Perform the SPECT radio-imaging of the whole animal with a 


30 min to 2 h data acquisition (see Fig. 5). 


. The fd-tet phage genome contains a tetracycline resistance 


gene. Thus, always amplify E. coli cells infected with phage in 
the presence of both kanamycin and tetracycline antibiotics [3]. 


. The protocol for the preclearing of a random peptide phage 


display library is described in detail here: Newton JR, 
Deutscher SL (2009) In vivo bacteriophage display for the 
discovery of novel peptide-based tumor-targeting agents. 
Methods Mol Biol 504: 275-290 [10] 


. BD FACScan was utilized for acquisition and analysis of the 


data presented in Fig. 4. However, this instrument is now 
outdated and no longer supported by BD Biosciences. How- 
ever, there are now many other cell flow cytometric analyzers 
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available that would be equally useful. Please note that many 
cell flow cytometers require specific tubes; please refer to the 
cytometer’s manual. 


. Fluorescent optical imaging within a live mouse requires the 


use of a hairless strain, like a nude (nu/nu). If the tumor line 
requires a different mouse model—then prepare the mouse in 
advance by chemically depilating a large section of skin over the 
tumor (region of interest) and surrounding area 24 h prior to 
experiment. Removing the fur only from the top of the tumor 
(region of interest) and not the surrounding area will result in a 
false positive. Additionally, if the fur is not chemically depilated 
24 h prior to the time of imaging the skin will be inflamed and 
the extra blood volume will create artifacts within your data set. 


. Alfalfa free food is fed to the animals prior to the optical 


imaging experiment to reduce levels of autofluorescence. 
Mice are coprophagous mammals and thus to reduce auto- 
fluorescence from the residual alfalfa in the feces, a cage change 
in the middle of the week prior to the experiment is needed. 


. While visible wavelength fluorophores are optimal for in vitro 


work, in vivo work requires near infra-red fluorophores that 
emit light within the spectral window [19 |. 


. The procedure of radiolabeling DOTA—biotin-sarcosine with 


MIThCl is detailed in this reference: Newton-Northup, 
JR, et al. (2009) Bifunctional phage-based pretargeted 
imaging of human prostate carcinoma. Nucl Med Biol 36(7): 


789-800. [4] 


. It is advised that a portion of the original solution of phage 


display library is saved back before any manipulations are 
performed. 


. From this point on the solution of phage library must be kept 


sterile. Use sterile technique when removing aliquots or por- 
tions of the library (i.e., open vial only in a sterile hood and 
remove aliquots using only sterile equipment). 


It is recommended that one or two aliquots of the library are 
kept back for long term storage at each stage of this process. 
These aliquots can act as a safety net against possible contami- 
nation of the “working solution” of phage library with wild 
type phage. 

These tissues and organs can be used to qualitatively follow the 
biodistribution of a phage clone of interest. 


The number of dounce homogenations required depends on 
the amount of connective tissue within the organ. Dounce 
until tissue gives little resistance. 


If collecting multiple tissues and organs clean and sterilize 
dounces, pestals and tweezers between samples. Use a new 
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14. 


15. 


16. 


17. 
18. 


19. 


20. 


21, 


ZZ. 


23. 


razor blade for each tissue. Sterilize pestals and tweezers by 
dunking in a beaker of 10% bleach water for 1 or 2 min, 
followed by rinsing in a beaker of autoclaved deionized water. 
To sterilize the dounces use a cuvette washer. Again, wash first 
with bleach water followed by a rinse with deionized water. 


The 2.5% CHAPS is used to lyse cells, thus allowing for ampli- 
fication of internalized phage clones. 


The primers for the fUSE5 vector (5’-TGAATTTTCTGTATG 
AGG-3’) and the f88-4 vector (5’-AGTAGCAGAAGCCT 
GAAGA-3") are designed such that the resulting DNA 
sequence data is “backwards.” Fd-tet phage contain single 
stranded DNA. The packaged single stranded DNA is called 
the plus strand which is anti-complementary to all the viral 
mRNAs. Thus the primers are designed to recognize and 
bind to the anti-complementary sequence of the gene of inter- 
est. Therefore, when analyzing the sequence data the sequence 
must be reversed and complemented | 20]. 


This is done to monitor the selection process. You should see a 
large variety of sequences in the early rounds. At no point 
should you see only one sequence. It is possible to select for 
phage with growth advantages instead of the desired binding 
properties [9]. Another concern is that of wild-type contami- 
nants. Presence of wild-type contaminants can be assayed by 
titering for plaques. Wild-type phage make large plaques, while 
fd-tet-derived phage make very tiny (often invisible) plaques as 
a result of their replication defect. 


We no longer perfuse mice after sacrifice. 


This is a 1:1 molar ratio of label to coat protein VIII for the 
labeling of the terminal amines. 


This phage display library utilizes fd-tet phage which are fila- 
mentous phage. They are very long (~900 nm) and very nar- 
row in diameter (~6 nm). These physical characteristics create 
difficulties in purification protocols. The flexibility of the phage 
virion is reflected in the very small molecular weight cutoff 
required for dialysis and centrifugal filtration. 


This is equivalent to about 30,000 to 40,000 cells per well, 
depending upon the cell type. 


Cells should not be over confluent. Piles of cells increase the 
standard deviation. 


It is best to test a serial dilution of each phage clone. Phage at 
high concentrations have a tendency to aggregate, which in 
turn, can create high nonspecific background. 


Always compare cell binding of targeting phage clones to a 
phage displaying no foreign peptide. 


When washing, the mechanical disturbance may remove some 
cells from the plate—to prevent this always add solutions by 


Presence of Tween may damage some cell types and cause the 
cells to lift off the plate. If this happens wash cells with PBS 
only. If this does not prevent cells from lifting off the plate, try 
using the HEPES based CBB (see item 2 of Subheading 2.3) 


It may be necessary to fix the cells post incubation with bioti- 
nylated phage. We commonly use 10% buffered formalin for 
10 min at 37 °C followed by a quick rinse with PBS and a5 min 
incubation with PBS to remove all fixative. 


Verify that the centrifugation time and speed are not damaging 


This is a molar ratio of 10 cold avidin molecules to each phage 


The authors would like to thank Professor George P. Smith for his 
generous gifts of phage display libraries and Marie Dickerson for 
her technical assistance. This work was supported by a Merit 
Review Award BX000964 from the Veterans Administration and 
the National Institutes of Health 1R21CA137239-01A1. 
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24. Take care to not allow cells to dry. 
25; 
pipetting into the side wall of the well. 
26. 
27. 
28. 
the cells. 
29. 
virion. 
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Microfluidic “Pouch” Chips for Immunoassays and Nucleic 
Acid Amplification Tests 


Michael G. Mauk, Changchun Liu, Xianbo Qiu, Dafeng Chen, 
Jinzhao Song, and Haim H. Bau 


Abstract 


Microfluidic cassettes (“chips”) for processing and analysis of clinical specimens and other sample types 
facilitate point-of-care (POC) immunoassays and nucleic acid based amplification tests. These single-use 
test chips can be self-contained and made amenable to autonomous operation—reducing or eliminating 
supporting instrumentation—by incorporating laminated, pliable “pouch” and membrane structures for 
fluid storage, pumping, mixing, and flow control. Materials and methods for integrating flexible pouch 
compartments and diaphragm valves into hard plastic (e.g., acrylic and polycarbonate) microfluidic “chips” 
for reagent storage, fluid actuation, and flow control are described. We review several versions of these 
pouch chips for immunoassay and nucleic acid amplification tests, and describe related fabrication techni- 
ques. These protocols thus offer a “toolbox” of methods for storage, pumping, and flow control functions 
in microfluidic devices. 


Key words Microfluidics, “Lab on a chip” immunoassays, Molecular diagnostics, Pouches, Dia- 
phragm valves 


1 Introduction 


Microfluidics technology provides miniaturized(e.g., palm-sized) 
devices for processing and analyzing samples. Of particular interest 
are “lab on a chip” microfluidic immunoassays and nucleic acid- 
based tests for detecting and quantifying pathogens and disease- 
related biomarkers in clinical specimens such as whole blood, 
plasma, serum, oral fluid, urine, stool, biopsies, and cell or tissue 
culture. Similar microfluidic chips can test various environmental 
and other nonclinical samples such as food, water, insects, soil, and 
sites of suspected contamination. “Lab on a chip” devices and 
systems enable point-of-care (POC) diagnostics outside of centra- 
lized medical labs for use in nontraditional venues including doc- 
tors’ and dentists’ offices, school clinics, border crossings and 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
DOI 10.1007/978-1-4939-6911-1_30, © Springer Science+Business Media LLC 2017 
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airports, rural clinics, as well as home use. Other applications 
include testing through the food supply chain, surveillance for 
bioterrorism agents, and as microscale experimental platforms for 
biomedical research. Compared to conventional analysis with 
benchtop instruments, microfluidics offers advantages related to 
reducing both reagent consumption and waste generation, better 
confinement of hazardous and infectious materials, avoidance of 
cross-contamination between tests, automated operation and ease 
of use, portability, and lower equipment and per-test costs. For 
example, microfluidic POC molecular diagnostics (nucleic acid 
amplification tests: NAATs) can be highly specific and sensitive 
(e.g., detecting nucleic acid copy numbers of 100 or better in a 
sample), yielding rapid test results (<30 min) at low cost (<$10 per 
test), and requiring minimal training for routine use. 

Most microfluidics systems are based around a small (e.g., 
5-cm x 5-cm x 0.5 cm) single-use (disposable) plastic 
cartridge—also called a “chip” or “cassette”’—that hosts one or 
more microfluidic circuits for sample processing, and comprising 
various channels and conduits; reaction, mixing, metering, and 
incubation chambers; manifolds; filters and membranes; and inlet 
and outlet ports | 1-3]. Sample and reagent volumes typically range 
from 10 pl to 0.5 ml, and the feature size (e.g., smallest dimension 
of the conduits and chambers) is about 0.1 mm. Flow-control 
(valves) and fluid actuation (pumping) can be realized by on-chip 
integrated structures and devices, or with off-chip supporting 
instrumentation such as programmable syringe pumps. Typically, 
the cassette mates with a portable instrument that may provide 
regulated heating or cooling, pumping, flow control, reagent deliv- 
ery, and optical or electrical detection [4-7]. In contrast, non- 
instrumented chips operate autonomously, and may include 
means for manual actuation [8], self-heating such as by chemical 
reactions [9], thermally activated valves for flow control [10, 11], 
heat-triggered expandable beads for pumping [12], absorption 
pads for wicking action [13], and on-chip storage of liquids in 
reservoir compartments and preloaded reagents/enzymes in 
freeze-dried (lyophilized) form [14, 15]. In the first instance, the 
chip has no moving parts and can be produced at low-cost in high 
volume (e.g., by injection molding) since the companion instru- 
ment provides flow control, fluid actuation, reagent delivery, and 
temperature control. In the minimally instrumented approach, a 
more complicated (and more expensive) chip incorporates “built- 
in” components for flow control, reagent storage, and pumping 
functions. Further, these self-contained chips reduce the number of 
fluidic connections needed, improving reliability, simplifying use, 
and lowering the risk of contamination of the sample and cross talk 
between tests. 

Chips made in hard plastics such as polycarbonate and acrylic 
can be laminated with flexible or deformable polymer sheets to 
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form pouches and membranes, which can be utilized as liquid 
storage reservoirs, one-shot pumps, and diaphragm valves, thus 
considerably increasing the functionality and autonomous opera- 
tion of the chip without greatly increasing its complexity or cost, 
nor compromising reliability or ease of use. Pouch actuation is 
attractive since it can accommodate relatively large sample volumes 
(up to 1 ml), and pumping action works consistently for heteroge- 
neous and variable liquids. A recent survey [16] emphasizes the 
importance and often neglected “front end” stages of integrated 
microfluidic systems, where large volume samples are introduced 
into the chip, metered, filtered, and lysed prior to nucleic acid 
isolation, amplification and detection. More particularly, POC 
chips can incorporate integrated pouches as storage reservoirs for 
lysis, wash, and elution buffers. Further, their sequenced actuation 
effects a succession of fluid transfer operations. For immunoassays 
these include mixing sample with loading buffer and loading a 
lateral flow strip with sample and wash buffers. For NAATs pouch 
actuation can implement mixing of sample with lysing reagent 
(such as a chaotropic agent), infusing the lysate through a porous 
silica or cellulose membrane that binds nucleic acid, washing the 
same membrane with ethanol-water buffer, and eluting the nucleic 
acid captured on the same membrane to an enzymatic amplification 
chamber. “Passive” mixing is effected by zig-zag conduit geome- 
tries which break up the laminar flow streams. “Active” mixing 
using energy transducers (e.g., a small piezoelectric vibrator disc 
placed underneath a chamber in the chip) can also enhance mixing. 
As an alternative to liquid-filled pouches described above for 
hydraulic actuation, air-filled pouches can be used for pneumatic 
actuation of liquid on the chip. Compressing the pouch creates a 
pressure force to drive fluids stored in chambers through the micro- 
fluidic channels. Flexible membranes laminated to the chip over 
channels can also serve as flow-gating diaphragm valves to prevent 
backflow, seal incubation chambers, and meter samples. As 
described below for several representative technological implemen- 
tations of practical systems for pouch-based microfluidic chips, the 
manipulation of pouches can be done by finger, by a spring-wound 
mechanical timer, or using an array of small, electrically powered 
solenoid plungers controlled by a microprocessor. 

The chip and supporting instrument are described for purposes 
of illustrating functional capabilities of this approach, design and 
fabrication issues, and the scope for modifications as needed for 
other applications. We first describe a lateral flow strip immunoassay 
microfluidic chip and companion mechanical actuator to operate 
the chip. While simple, inexpensive non-instrumented lateral flow 
strip assays are well established technically and commercially, the 
addition of microfluidics capability enables a consecutive flow format 
that includes separate steps for sample mixing, sample loading, 
washing, and addition of reporters to the flow strip. This particular 
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1.1 Timer-Actuated 
Immunoassay 
Microfluidic Pouch 
Cassette. 


1.2 Finger-Actuated 
Immunoassay 
Microfluidic Pouch 
Cassette 


chip used up-converting phosphors as reporters, which in combi- 
nation with the consecutive flow format can provide better sensitiv- 
ity and multiplexing. A second example of the pouch-based chip 
serves as an autonomous (stand-alone) assay wherein pouch actua- 
tion can be done manually with fingers or a wand. This chip format 
can incorporate a lateral flow strip, or with minor modifications, a 
bead array assay. The third example is a molecular diagnostics chip 
that integrates lysis, nucleic acid isolation by solid-phase extraction, 
enzymatic amplification (polymerase chain reaction, PCR), and 
lateral flow strip detection of PCR product. The chip is used with 
a portable instrument that provides temperature-controlled heat- 
ing/ cooling for thermal cycling, and programmed actuation (i.e., 
applied force) to liquid-filled pouches and diaphragm valves for 
flow control and one-shot pumpings. Here we focus on the chip 
design and fabrication, emphasizing the pouch structure, materials, 
and assembly. The instrument platforms are briefly reviewed for 
perspective, but the pouch chips usefulness and applicability are not 
limited to the type of instrument used. In fact, one version of the 
chip (finger-actuated immunoassay) was designed for manual 
(instrument-free) operation. 

Specific implementations of three types of pouch-based chips as 
described above are shown in Figs. 1-3. The first two are immu- 
noassays using air-filled pouches for pneumatic fluid actuation, and 
the third is a molecular diagnostics chip using liquid-filled pouches 
for hydraulic fluid actuation. Figure 4 shows the basic design prin- 
ciple of using flexible laminated sheets for storing and pumping 
reagents. 


Figure 1 is a pouch-based microfluidic immunoassay cassette 
(microfluidic “chip”) with four air-filled pouches that drive the 
sample and buffer through a mixer and onto the loading pad of a 
lateral flow strip mounted on the chip [17]. Prior to use, the liquid- 
filled reagent storage chambers are sealed by removable aluminum 
adhesive tape, which is peeled off at time of use. A flexible cover 
with channels is then affixed to the chip. The cover features various 
channels, that when resealed to the chip, complete the fluidic 
connections between the reservoir and the mixing chamber. 
This chip is operated by a spring-wound, mechanical actuator 
(Fig. 5a, b) in which sequenced movements of metal balls depress 
the pouches to actuate fluid flow. 


Figure 2 is an inexpensive, disposable finger-actuated, self- 
contained microfluidic immunoassay cassette [8]. Fluids (sample 
and buffers) are pushed through the microfluidic circuit by manu- 
ally depressing air-filled pouches which pneumatically drive liquids 
stored in reservoirs formed in the chip through a mixture chamber 
or onto the sample loading pad of a lateral flow strip mounted on 
the chip. In conventional lateral flow strip immunaossays, raw 
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Fig. 1 Immunoassay cassette for timer actuator. (a) top plan view of cassette showing four chambers (S;—S,z) 
for sample and buffers, four air-filled pouches for fluid actuation (P;—P.), zig-zag mixing conduit, and lateral 
flow strip. (b) assembled ready-to-use cassette (cross-sectional view), (c) showing connections before and 
after removal of aluminum sealing film and reattachment of flexible cover with channels to complete 
connections, (d) photo of cassette (Liu et al. [17]) 
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Fig. 2 A: (a) the assembled, mated cassette for immunoassay tests, (b) the processing component (bottom) of 
the cassette showing registration pins and connection needles [8]. B: Finger-actuated, self-contained 
immunoassay cassette schematic of fluidic coupling made for top and bottom components via needle 
connections. (a) cross section of cassette storage component. The aluminum tape sealing layer maintains 
the pre-stored liquids. (b) cross section of bottom processing component. When mated, the needles puncture 
the two double-sided tape films, which acts as gaskets, providing a leak-tight connection between the 
channels of the bottom components and top component, completing the microfluidic circuit [8] 
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Fig. 3 Molecular diagnostics pouch chip. (a) photo of chip. (b), top plan view of chip showing six pouches, and 
four valves. (c) cross section of chip. This chip performs chemical lysis; nucleic acid isolation with a porous 
silica NA binding phase and chaotropic salt binding agent; followed by ethanol washes; and elution into a 
polymerase chain reaction chamber for amplification; followed by post-amplification detection of PCR product 
on a lateral flow strip (PCR primers are haptenized for capture of amplicon on the flow strip). Channel 
connections are made at time of use by peeling of an aluminum foil seal and attachment of a flexible cover 
with connecting channels [5] 
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Fig. 4 Principle of pouch actuation (a) and membrane valve (b) for microfluidic chips (cross-sectional view of 


chip) [5] 


474 Michael G. Mauk et al. 


a 
Mechanical Part 





Timer Knob 











== _— Actuating Disc 
Timer Axel — = , a __—Actuating Balls 
H ——T_Ball Retention 
© Plate 
Cassette 
Docking Plate 


Cassette Support 
Platform 








Fig. 5 (a) Spring-wound timer with mechanical actuator, (b) schematic showing actuating balls used to 
depress pouches on microfluidic cassette [17], (c) computer-controlled device for automated actuation of 


pouch cassettes [6] 


sample is added to a loading pad which binds to reporters 
(antibody-functionalized beads) dried on the loading pad, and 
wick down the nitrocellulose strip such for capture and detection 
at Test and Control lines striped on the strip. The microfluidic chip 
described here peforms a consecutive flow immunoassay where 
sample plus diluent buffer is mixed and loaded onto the sample 
pad ofa lateral flow strip mounted on the chip, a wash buffer is then 
loaded on the strip to remove unbound and nonspecifically bound 
antibodies, and finally, a suspension or reporter particles is loaded 
on the strip. This consecutive flow format with a conventional 
lateral flow strip thus requires several pipetting operations, though 
suitable for laboratory use, is too complicated for most point-of- 
care applications. The microfluidic format in the chip described 
here integrates and automates the consecutive flow steps in a self- 
contained device with pre-stored buffers and reagents. 
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1.3 Integrated 
Molecular Diagnostics 
Microfluidic Pouch 
Cassette 


1.4 Pouch Chip 
Versions and 
Prototyping 


2 Materials 


2.1 Supplies for 
Chip 1 


2.1.1 Materials 


Prior to use, the chip is in two parts: (1) a top storage compo- 
nent with air-filled pouches, sealed reagents, metering chamber and 
needle seats; and (2) a bottom processing component with connec- 
tion needles, mixing chamber, and detection chamber. Subsequent 
to sample loading, the chips are mated wherein needles of the 
bottom component pierce a sealing film of the top layer, making 
fluidic connections between microfluidic channels in both parts. 
The pouches are pressed in succession by manual manipulation, and 
then the lateral flow strip test and control lines are read. 


Figure 3 is an integrated, self-contained microfluidic cassette for 
sample lysis, nucleic acid isolation, PCR (polymerase chain reac- 
tion) amplification, and immunochromatographic detection of 
amplicons [5]. This chip has six buffer/reagent filled pouches, 
four diaphragm valves, a mixing chamber, a waste trap, a porous 
silica glass fiber membrane for binding nucleic acids, a temperature- 
regulated amplification chamber (heated by an external thermo- 
electric element), and a lateral flow strip mounted on the chip. 
Sample is added to a chamber where it is mixed with a chaotropic 
agent for lysis, and then filtered through a porous silica membrane 
which adsorbs the solubilized lysate DNA. The membrane- 
captured DNA is next washed with ethanol:water solution, and 
then eluted into a PCR chamber. The sample loading, washing, 
and elution are effected with pouch actuation that discharges liquid 
and the aid of a small vacuum pump on the companion instrument. 
Instrumentation platforms to operate these chips are further 
described by Qiu et al. (see Note 1) [6,7]. 


We describe the materials and fabrication for these three represen- 
tative pouch chips. Common to all chips, one or two plastic sub- 
strates are machined with channels, chambers, and other features. 
Various pliant layers are attached to the substrate to form pouch 
enclosures and valve diaphragms. Many alternative materials and 
methods of fabrication are feasible, but here we use common 
plastics (acrylic, polyethylene, or polycarbonate), common solvents 
for bonding, and various commercially available adhesives, films, 
and tapes, all of which demonstrate good chemical compatibility 
with typical immunoassay and NAAT samples and reagents 
(see Note 2). 


e 5.85-mm (1/4 in.) thick clear polycarbonate sheet (8574 K281, 
McMaster-Carr, Elmhurst, IL). 


e 120-um-thick (0.005 in.) clear polycarbonate film 
(85,585 K102, McMaster-Carr, Elmhurst, IL). 
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2.1.2 Tools for 
Prototyping Chips 


2.1.3 Materials and 
Suppliers for Lateral Flow 
Strip Assay 


100- to 150-um thick natural latex rubber sheet (85,995 K12, 
McMaster-Carr, Elmhurst, IL). 


3M 9731 Double Coated Tape laminate composed of three 
layers: faceside (on interior of roll): 0.041-mm thick 3M™ 
350 firm acrylic adhesive—carrier: 0.025-mm thick PET (poly- 
ester)—backside: 0.074-mm thick silicone adhesive (3M, St. 
Paul, MN). 


3M 9500 PC Double-Coated Tape: 0.14-mm thick 3M™ 350 
acrylic adhesive—0.115-mm thick PET (polyester) carrier—0.14- 
mm thick 3M™ 350 acrylic adhesive (3M, St. Paul, MN). 


Aluminum adhesive film, Microseal® ‘F’ PCR Sealers™, (Bio- 
Rad, Hercules, CA, MSF 1001). 


Clear plastic adhesive sealing film Microseal® ‘B?’ PCR sealer 
(Bio-Rad, Hercules, CA, MSB 101). 


CNC milling machine (OM2, Haas Automation, Inc., Oxnard, 
CA). 

Ball-end high-speed two-flute end mills (3046 series McMaster- 
Carr, Elmhurst, IL). 


Miniature carbide end mills (8832 series, McMaster-Carr, Elm- 
hurst, IL). 


Laser Cutter (30 W) Universal Laser Systems, Inc. (Scottdale, 
AZ). 
Carver Hydraulic Press 3912, (Carver, Inc., Wabash, IN). 


Lateral flow buffer (100 mM HEPES (7.2 pH), 270 mM NaCl, 
0.5% (v/v), Tween 20, and 1% (w/v) bovine serum albumin 
(BSA, Sigma A7030). 


The immunolabeling buffer is a mixture of the lateral flow buffer 
(above) with protein A-coated UCP reporter particles. Other 
labeled reporters, as commonly used in lateral flow strips (e.g., 
gold or carbon particles), can be used. 


Lateral flow strip for immunochromatographic detection of 
HIV antibodies (Ora-Sure Technologies, Bethlehem, PA): 4- 
mm x 20-mm nitrocellulose strip (SRHF04000, Millipore, Bill- 
erica, MA) with a 4-mm x 10-mm sample loading pad (glass 
fiber No. 33, Schleicher & Schuell BioScience, Keene, NH) at 
upstream end, and 4-mm x 20-mm absorbent waste pad (paper 
No. 470, Schleicher & Schuell, BioScience, Keene, NH). HIV 
LF strip test line is immobilized synthetic peptides to HIV 
envelope glycoproteins. 
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2.2 Supplies for 
Chip 2 


2.2.1 Materials 


2.2.2 Tools 


2.3 Supplies for 
Chip 3 


2.3.1 Materials 


4.75-mm thick high-density polyethylene (HDPE) 
(8619 K451, McMaster-Carr, Elmhurst, IL). 

6.35-mm thick clear polycarbonate sheet (8574 K28, 
McMaster-Carr, Elmhurst, IL). 

Tolas (TPS-4049B, now Oliver-Tolas® Healthcare Packing, 
Feasterville, PA) aluminum-oxide polyester-based lamination 
barrier film, ~100 um thick. 

Microseal ‘F’? PCR Sealers™ aluminum sealing foil (Bio-Rad 
Laboratories, Hercules, CA). 

3M 9731 Double Coated Tape laminate composed of three 
layers: faceside (on interior of roll): 0.041-mm thick 3M™ 
350 firm acrylic adhesive—carrier: 0.025-mm thick PET (poly- 
ester)—backside: 0.074-mm thick silicone adhesive (3M, St. 
Paul, MN). 


CNC milling machine (OM2, Haas Automation, Inc., Oxnard, 
CA). 

Ball-end high-speed two-flute end mills (3046 series McMaster- 
Carr, Elmhurst, IL). 


Miniature carbide end mills (8832 series, McMaster-Carr, Elm- 
hurst, IL). 


Laser Cutter (30 W) Universal Laser Systems, Inc. (Scottdale, 
AZ). 
Carver Hydraulic Press 3912, (Carver, Inc., Wabash, IN). 


Bearing-quality chrome steel balls: diameters available: 1-7 mm 
in % mm, (series 9292 K, McMaster-Carr, Elmhurst, IL). 


5.85-mm (1/4 in.) thick clear polycarbonate sheet (8574 K281, 
McMaster-Carr, Elmhurst, IL). 


120-pm-thick (0.005 in.) clear polycarbonate film 
(85,585 K102, McMaster-Carr, Elmhurst, IL). 


45-um thick polyolefin film (Syfan Corp., Everetts, NC). 


Microseal ‘F’ PCR Sealers™ aluminum sealing foil (Bio-Rad 
Laboratories, Hercules, CA). 


3M 9731 Double Coated Tape laminate composed of three 
layers: faceside (on interior of roll): 0.041-mm thick 3M™ 
350 firm acrylic adhesive—carrier: 0.025-mm thick PET (poly- 
ester )—backside: 0.074-mm thick silicone adhesive (3M, St. 
Paul, MN). 


Acetonitrile solvent (Sigma-Aldrich, St. Louis, MO). 


Ampliwax™ PCR Gem PCR-compatible paraffin, melting point 
65 °C (Applied Biosystems, Foster, CA). 


Whatman™ GF/F borosilicate glass fiber filters, 0.7 um pore 
size, 0.25 mm thick (Sigma-Aldrich, St. Louis, MO). 
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2.3.2 Tools 


2.3.3 Reagents for 
Nucleic Acid Amplification 
Test in Pouch Chip 


2.3.4 PCR Reagents 


3 Methods 


3.1 Chip 1: 
Immunoassay Pouch 
Cassette for Use with 
Mechanical Timer/ 
Actuator 


3.1.1 Chip Description 


Michael G. Mauk et al. 


CNC milling machine (OM2, Haas Automation, Inc., Oxnard, 
CA). 

Ball-end high-speed two-flute end mills (3046 series McMaster- 
Carr, Elmhurst, IL). 


Miniature carbide end mills (8832 series, McMaster-Carr, Elm- 
hurst, IL). 


Laser Cutter (30 W) Universal Laser Systems, Inc. (Scottdale, 
Harris Uni-Core™ Punch, diameter 2.5 mm, (Ted Pella, Redd- 
ing, CA). 


Reagents for Nucleic Acid Isolation (from Qiagen DNEasy™ kit, 
Qiagen, Valencia, CA). 


A OW N = 


. Qiagen AL Lysis Buffer (chaotrope ~6 M guanidinium HCl). 
. Qiagen AW1 wash buffer (mixture of high salt buffer, ethanol). 
. Qiagen AW2 wash buffer (mixture of high salt buffer, ethanol). 
. Qiagen AE elution buffer (TE buffer, pH = 7.8). 


. PCR mix: 10 mM Tris HCl (pH 9.0), 50 mM KCl, 1.5 mM 
MgCl2, 200 uM each dNTP, 0.4 pg/pl BSA (bovine serum 
albumin, Sigma-Aldrich, St. Louis, MO), 0.1 U/pl Taq poly- 
merase (GE Healthcare, Buckinghamshire, UK). 


2. Primers: forward and reverse 3 um each. 


. Thermal cycling: initial denaturation 94 °C 120 s, 25 cycles at 
94 °C, 15 s; 55 °C, 25 s; and 72 °C, 20s. 


The chip performs a consecutive flow immunochromatographic 
assay with a lateral flow strip | 18]. The sample is blotted on the 
lateral flow strip loading pad, followed by a wash step by adding 
buffer, followed by adding reporter particles. This consecutive 
flow format accommodates higher sample volumes, increases 
specificity, and is more amenable to multiplexing. The chip 
substrate (body) was prototyped using CNC (computer numer- 
ical control) milling, subsequent to which various films and 
adhesive layers were applied to the machined substrate. The 
cassette is preloaded with lateral flow buffer (chamber S2), 
wash buffer (chamber S3), and label buffer (chamber S4). Cham- 
ber Sı will be filled with the sample under test at the time of use. 


At the time of test, the cassette loaded with saliva (or plasma) 
sample is inserted into the actuator using a pipette. During the 
operation, the timer actuator is wound up and released to begin 
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3.1.2 Chip Design 


3.1.3 Chip Fabrication 


a slow continuous rotation over a time-span of up to 15 min, 
turning a disc with protrusions which will press on caged plastic 
balls at predetermined times for programmed actuation. The 
actuator sequentially actuates air-filled pouches P-P; to dis- 
charge the saliva sample, lateral flow strip, wash buffer and 
UCP reporter solution to lateral flow strip from chambers S)—-S4. 


A Computer-Aided Design (CAD, Solidworks™ or Master- 
CAM™ ) rendition of a polycarbonate chip is shown in Fig. 6. 
Typical specifications are: 


e Approximate chip dimensions: 95-mm x 60-mm x 5.9 mm. 
e Conduits: rectangular cross section: widths 250 and 500 pm. 


e Vertical vias (through substrate) connecting top-side channels 
with bottom side channels: 


e Storage chambers: 1.6 mm width x 1.6 mm depth. 


e Dimensions of hemispherical air reservoirs (P1—P4 in Fig. 6) 
according to 


i 3 
— (D — 
Z (Dimm)? = Vial 
For example a 100 ul hemispherical reservoir has a diameter of 
7.2 mm. 


MasterCAM™ Computer-Aided Manufacturing software gener- 
ates a G-code program from the CAD file (e.g., Fig. 6) that controls 
the CNC milling machine. 

Figure 7 shows a side view of the chip assembly. The polycar- 
bonate chip body is first machined with channels, chamber and 
pouch wells using a CNC mill. The underside polycarbonate film 
is next thermal-pressure bonded using a hydraulic press at 140 °C 
and 1330 Newtons (300 lbp) for 50 min, and slow cooled to room 
temperature |19 |. This section describes a two-component modu- 
lar pouch-based immunoassay cassette chip that can be operated by 
finger actuation (Fig. 8). 3M DS tape is patterned with through 
holes using a laser cutter and then an overlaying PCR sealer tape is 
attached. Next, the holes cut in the tape will connect the chip 
channels to the channels so defined in the flexible cover when the 
aluminum foil seal is removed and the cover is reattached at the 
time of use, and also open the hemispherical reservoirs that will 
be enclosed by the latex sheet to form the membrane-enclosed. 
The adhesive aluminum foil provides a sealing barrier to contain 
the reagents and isolate sections of the microfluidic circuit prior to 
use. Lastly, the latex film is affixed on the chip using double-sided 
tape (see Note 3). 

The flexible cover with channels which connect various chip 
body channels is made as follows. A thin plastic film (such as the 
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Fig. 6 CAD (computer-aided design) of plastic substrate: (right CAD model for CNC milling of top side of 
cassette. (/eff, CAD model for CNC milling of bottom side of cassette 
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Fig. 7 Cross section of chip showing basic structure and assemblage of materials for timer-actuated, pouch- 
based immunoassay cassette 


PET carrier for 3M DS tape is patterned with channels using a 
30-W laser cutter. PCR tape is then affixed to the upper side. 


3.2 Chip 2: Finger- This section describes a two-component modular pouch-based 
Actuated immunoassay cassette chip that can be operated by finger actuation. 
Immunoassay Pouch At the time of use, the removable aluminum foil seal on the bottom 
Cassette of the top piece is peeled off. The chips are mated—alignment is 


aided with registration pins—to make fluidic connections between 
the top and bottom pieces. 
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top reagent storage component 
deformed area of barrier film 
for hemispherical pouch 


air reservoir pouch 


TOLAS™ (aluminum oxide polyester) barrier film 





slot to mate with 


registration pin high density polyethylene 


substrate 


sealing layer 


polyester carrier 3M 9731 double-coated tape 


protection layer needle seat ` | removable aluminum foil seal 


' needle connection 


> oa 4 absorbing pad 
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machined channels polycarbonate 
substrate 


E 
bottom sample processing component bonded polycarbonate film 


Fig. 8 Cross section of the chip, showing basic structure and assemblage of materials for finger-actuated, 
pouch-based immunoassay cassette 


3.2.1 Chip Structure and The materials are assembled, i.e., the films, tapes, and membranes 
Assembly Operations are attached to the chip components (top and bottom) in the 
following order. 
Top Storage Component. 


l. Polyethylene Substrate. 
Top side (with pouches): 

2. TOLAS™ Aluminum Oxide Polyester Barrier Film. 
Bottom side: 


3. 3M 9731 double-coated tape composed of 
(a) sealing layer (in contact with substrate). 
(b) polyester carrier. 

(c) protection layer. 
4. Adhesive aluminum foil (MicroSeal-F). 


Bottom Processing Component. 


l. Polycarbonate Substrate 
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3.2.2 Chip Fabrication 


3.3 Chip 3: Pouch 
Cassette for PCR- 
Based Test 


3.3.1 


Chip Description 


Top side (mates with top component): 
2. Nitrocellulose LF Strip 
Bottom side: 


3. Polycarbonate Film 


The polycarbonate base (bottom processing component) is 
machined with channels and needle connections using a CNC 
mill. Its fabrication and assembly process are basically the same as 
that of the immunoassay pouch cassette with mechanical timer/ 
actuator described above. Polycarbonate provides optical clarity 
and good machinability, as needed to form the needles and accu- 
rately dimensioned channels. The annular needle connections each 
have an inner diameter of 500 um, a wall thickness of 300 um, and a 
height of 900 um. The needles have flat heads to achieve snug 
connections (see inset of Fig. 2B-b). A polycarbonate film is 
attached to the underside of the base by either solvent bonding 
with acetonitrile or thermal-pressure bonding (see Note 4). See 
Rosenberger et al. [20] and Tsao and DeVoe [21 ] for more infor- 
mation and alternative methods for bonding microfluidic chips. 

The top piece (storage component) is first machined in high- 
density polyethylene which is compatible with thermal bonding of 
the elastic membrane (Tolas™ aluminum oxide-polyester barrier 
film). The underside of the top component is next sealed with 
double-sided tape (two adhesive layers coating both sides of poly- 
ester film “carrier” ). The tape has been patterned with 0.5-mm 
diameter holes, using a CO2 laser (30 W, 1000 pulses per second) 
to accommodate the needles at the time of use when the aluminum 
foil seal is removed and the base and top piece are coupled. 

Next, the pouch compartments in the top piece are formed 
according to Fig. 9. A milled hemispherical cavity (9a) is capped 
with a membrane material (9b): a 100-um thick TOLAS barrier film 
was thermally bonded to the polyethylene piece at 135 °C, 670 
Newtons (£150 pounds) for 5 s in the Carver hydraulic press. 
Next, a steel ball is pressed into the membrane, deforming and 
stretching it until it conforms to the cavity shape (9c). Lastly, 
slightly pressurized air, typically a few psi, is forced through the 
access channel to “inflate” and invert the attached membrane and 
create the air-filled pouch chamber (9d). 


The chip described in this section features lysis, nucleic acid isola- 
tion using a NA-binding membrane, PCR, and lateral flow strip 
detection of amplicons. The chip is used with a portable instrument 
that provides vacuum, controlled heating, and electromechanical 
actuation of the pouches. The fabrication protocol is focused on 
forming the pouches and diaphragm valves (Fig. 9) in a hard plastic 
substrate that hosts a microfluidic network of channels, chambers, 
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Fig. 9 Cross section of a chip showing basic structure and assemblage of materials for nucleic acid based test 
(lysis, NA isolation, PCR, and LF strip detection) in a pouch-based cassette 


and conduits for sample processing(Fig. 10). Liquid-filled reagent 
storage pouches include: 

Pı: binding/lysis buffer (100 pl). 

P2: wash 1: inhibitor remover buffer (60 pl). 

P3: wash 2: (40 ul). 

P4: elution TE buffer: (40 pl). 

Ps: lateral flow buffer: (40 ul). 

P6: suspension of reporter particles: (60 pl). 


Briefly, the operation of the chip is as follows. Referring to 
Fig. 3b, the flexible cover seal (with channels) is pealed back, and 
the aluminum seal tape is removed, and the flexible cover (still 
affixed at one end to assure proper alignment) is reattached to the 
surface of the chip. This connects the pouch reservoirs to the 
channels. The raw sample is then added to the mixing chamber. 
The chip is then inserted in the instrument platform, that makes a 
quick connection to the vacuum line and self-aligns the chip with 
the heaters and ball actuators for the pouches and diaphragm 
valves. While valve Vı is closed, pouch Pı is pressed to discharge 
the lysing agent into the mixing chamber. A piezoelectric vibrating 
disk on the platform underneath the mixing chamber provides 
active stirring for ~l min. Upon termination of the lysis step, 
valve Vı opens and V3 closes. Vacuum suction transfers the lysate 
in the mixing chamber through a porous silica membrane which 
captures the nucleic acid in the lysate. Pouches Pa and P3 are 
depressed in succession to wash the membrane-bound nucleic acid. 
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Fig. 10 Formation of pouches with hemispherical wells using deformable membrane 


3.3.2 Chip Fabrication 


For more detailed description regarding the structures and 
operations related to NA isolation, PCR, and detection, see Wang 
et al. [19], Chen et al. [5], and related work of Kim et al. [22,23], 


Liu et al. [24, 25], and Mauk et al. [26]. 


spin columns for processing 0.5 to 1 ml samples. 


The underside polycarbonate film is solvent bonded with ace- 
tonitrile by aligning the pieces and adding a few drops of solvent 
around the perimeter of the film that wick into the interface to form 
the bond (see Note 5) [28 |. The pouches are formed by acetonitrile 
solvent bonding of 120-um thick polycarbonate film. The pouch 
film is deformed with a ball tool to conform to the hemispherical 
well. The pouch is then inflated using pressurized air, and is ready 
for liquid filling. The diaphragm valves are made by adhering a 45-p 


m thick polyolefin using double-sided tape. 


The pouch dispensing volume is a consistent function of pouch 


well depth, as shown in Fig. 11. 


The polycarbonate substrate is machined with channels and con- 
duits as shown in Fig. 10. (Both sides of the substrate are machined 
to make the topside and underside channels, so the substrate is 
flipped between machining operations.) A ball milling tool with 
diameter equal to the pouch cavity diameter is used to form the 
hemispherical reservoirs. As a binding phase for capture of nucleic 
acid from the lysate, a glass silica fiber (Whatman GE/F) [27] or 
cellulose (Whatman FTA®) disc “membrane” and perforated poly- 
carbonate support disc are positioned as shown. Upon insertion, 
the perimeter of the filter is lined with molten paraffin (e.g., Ampli- 
wax®) for sealing to the surrounding chip. The silica or cellulose 
filter disc can be cut using a laser or Harris punch. The optimum 
area and thickness of the glass fiber or cellulose membrane depends 
on the sample volume, wash volumes, and elution volume. Too 
small a membrane results in low capture efficiency, but too large 
results in low elution efficiency. We use stacks of glass fiber or 
cellulose for a total thickness of about 1 mm, and an areal diameter 
2—4 mm. This is comparable to membrane sizes used in commercial 
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Fig. 11 The pouch’s dispensing volume is depicted as a function of cavity’s depth. Each data point represents 
the average of four different pouches. The vertical error bars represent one standard deviation. [5] 


3.3.3 Variations and the 
Use of 3D-Printing 


The foregoing provided detailed descriptions of materials and fab- 
rication methods to prototype three related pouch-based chips for 
POC diagnostics assays. There is much latitude for alternative 
materials and methods to produce similar devices (see Note 6). 

Probably the protocol steps least familiar and least accessible 
to biomedical researchers are related to machining steps using a 
CNC milling machine. Fortunately, recent developments in 3D 
printing are making such fabrication widely available to research- 
ers in non-engineering fields including biomedical research. 
There are many services that can fabricate clear plastic parts 
from CAD files. These companies offer a variety of materials, 
surface finishes, and feature resolutions. Current technology for 
widely available commercial 3D printing quotes resolutions in the 
0.25-0.5 mm range using stereolithography 3D printing. This is 
probably not sufficient to form the needles in Chip 2, but ade- 
quate for the other chips described here. Also, note that low-cost 
filament 3D printers (FDM: fused deposition modeling), as pop- 
ular with hobbyists and schools, use opaque materials (ABS), 
achieve poor feature resolutions (> 0.5 mm), and rough surfaces, 
and thus are generally not suitable for prototyping microfluidic 
chips. Some recent reports describe the capabilities of 3D printing 
for various microfluidic chips [29-31]. For the chips described 
here, the machined plastic parts can be made by 3D printing 
services at modest costs ($10-$100 per chip) in a time frame of 
1 week. 
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4 Notes 


L: 


During prototype development and initial testing, filling 
pouches with aqueous solutions of various food colors 
(McCormack, Sparks, MD) and video recording chip operation 
can be revealing of anomalous flow patterns and leaks. 


. For NA amplification chips, new materials (especially tapes and 


adhesives), solvent bonding and cleaning methods should be 
checked for PCR compatibility by adding small fragments 
(~l g) of materials to a PCR reaction and checking for possible 
inhibition, see for example Kodzius et al. [32] and Hayward 
[33]. Causes of PCR inhibition could be adsorption /immobili- 
zation of enzyme, templates, or primers on surfaces of chip 
materials, or leaching of substances from adhesives or bonding 
solvents that denature enzymes. Addition of BSA (bovine serum 
albumin), polyvinylpyrrolidone (PVP) or polyethylene glycol 
8000 (PEG 8000) can mitigate this effect by passivating surfaces 
[34] or preferentially binding absorbing inhibitor substances. 


. The use of double-sided tape for bonding laminates can be 


plagued by air bubbles and wrinkles between the tape and plastic 
layers. Compression of the tape by applying force uniformly can 
alleviate this problem. A plate roller with a rubber-coated dowel 
(e.g., Sigma-Aldrich RL PLT-01), typically uses for securing 
sealing films on PCR plates) can be helpful in this regard. Alter- 
natively, after the layers are properly aligned with tape(s), the 
laminate stack can be placed in a table vise between (soft, low- 
density) polyethylene blocks to apply uniform bonding pressure. 


4. A baseplate with pins can be used for placement for the stack of 
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Functionalized Vesicles by Microfluidic Device 


Derek Vallejo, Shih-Hui Lee, and Abraham Lee 


Abstract 


In recent years, lipid vesicles have become popular vehicles for the creation of biosensors. Vesicles can hold 
reaction components within a selective permeable membrane that provides an ideal environment for 
membrane protein biosensing elements. The lipid bilayer allows a protein to retain its native structure 
and function, and the membrane fluidity can allow for conformational changes and physiological interac- 
tions with target analytes. Here, we present two methods for the production of giant unilamellar vesicles 
(GUVs) within a microfluidic device that can be used as the basis for a biosensor. The vesicles are produced 
from water-in-oil-in-water (W/O/W) double emulsion templates using a nonvolatile oil phase. To create 
the GUVs, the oil can be removed via extraction with ethanol, or by altering the interfacial tension between 
the oil and carrier solution causing the oil to retract into a cap on one side of the structure, leaving behind an 
exposed lipid bilayer. Methods to integrate sensing elements and membrane protein pores onto the vesicles 
are also introduced in this work. 


Key words Biosensor, Solvent extraction, Dewetting, Giant unilamellar vesicle, Artificial cell, 
Microfluidics 


1 Introduction 


A biosensor is an analytical tool that utilizes a biologically derived 
recognition element to detect an analyte of interest. The biological 
recognition element is the key to biosensor function and specificity, 
as the inherent advantage of a biosensor is to utilize the incredibly 
specific interaction of the biorecognition element with the analyte 
of interest. In turn, various substances and organisms can be 
detected in vital environmental resources (i.e., drinking water) or 
biological systems, with incredible specificity. 

The interaction of the analyte with the bio-recognition element 
produces a physical or chemical change that is then converted 
by a transducer into an electrical signal proportional to the concen- 
tration of analyte in the sample. The biorecognition element is 
commonly an enzyme or protein [1], or antibody [2], but oligo- 
nucleotides [3], whole cells [4, 5], and organelles [6, 7] have also 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
DOI 10.1007/978-1-4939-6911-1_31, © Springer Science+Business Media LLC 2017 


489 


490 


Derek Vallejo et al. 


been used. In most cases, the biorecognition element is placed in 
direct physical contact with the transducing element [8]. The 
nature of the physical or chemical signal passed to the transducer 
can be electrochemical [9, 10], optical (fluorescent or colorimetric) 
[1, 11], calorimetric [12-14], or piezoelectric [15, 16], among 
others |17, 18]. While the biorecognition element allows for bio- 
sensors to have incredible specificity, it traditionally falls on the 
transducer to amplify the signal to increase the sensitivity of the 
system, and the degree and quality of this amplification will be 
limited by the particular transducer [19 ]. 

The sensing mechanism for a biosensor can take many forms: 
for example, the biosensor can utilize an enzyme that will initiate a 
biochemical reaction in response to an analyte binding event or a 
protein will undergo a conformation change when bound to the 
target analyte. In nature, cells sense their environment through a 
signaling cascade of multiple reactions that allow for highly efficient 
amplification [20]. For this reason, there has been an interest in 
using vesicles as biosensors for their ability to encapsulate biological 
reaction components. The very nature of the reaction can be one 
that involves signal amplification, such that the signal can be pre- 
amplified before reaching the transducer, or the vesicle can itself act 
as the transducer, further simplifying the system. By placing the 
components of the biochemical reaction within a small, confined 
volume, the concentration of product molecules can increase to a 
detectable level much more rapidly, and with much less analyte, 
than in a larger, bulk solutions. The use of an enzyme and a 
biochemical reaction scheme in a biosensor platform also means 
that a single molecule of analyte can initiate multiple reaction 
events, allowing for tremendous signal amplification and paving 
the way the for single molecule detection. Such technology can 
negate the need for analyte pre-enrichment above a specific detec- 
tion threshold, as is still the case with many traditional detection 
platforms (PCR, Elisa, etc.) [21]. Placement within a physical 
boundary also protects the reaction components from contamina- 
tion, allows the system to be deployable into sensitive, biological 
environments, and provides a platform for the placement of the 
sensing elements. Natural cells contain the ideal physical boundary 
between their interiors and the external environment, the lipid 
bilayer, which can be functionalized to meet a variety of demands 
and tasks. Over the last few decades, many biosensing platforms 
have utilized either planar or enclosed lipid bilayers, or their syn- 
thetic, biomimetic equivalents [22, 23]. With a membrane, the 
biorecognition element can either be enclosed within the vesicle, 
embedded within the membrane itself, or conjugated to the mem- 
brane surface. The biomimetic nature of lipid vesicles provides the 
ideal environment to stabilize and maintain the activity of proteins 
and enzymes for analyte detection and their inherent biocompati- 
bility allows for them to be deployed in many biological 
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environments. The ease with which vesicles can be modified and 
functionalized also makes them compatible with many of the cur- 
rent sensor technologies mentioned previously and opens the pos- 
sibility for multi-target sensing. 

Enzymatic reaction events have been utilized in biosensor 
applications [24, 25], and with the design of artificial organelles, 
such reactions have been contained within vesicles and polymer- 
somes | 26-28 |. While many artificial organelles are designed with 
the therapeutic intent to correct cellular function or introduce 
novel biochemical functions into established cells, the application 
to biosensing cannot be overlooked. For membrane permeable 
analytes, the design of the biosensor is simplified, in that there is 
no need for any active components to be in, or conjugated to, the 
membrane and all the sensing and reaction components can be 
entirely contained within the vesicle interior, where the result of 
the reaction releases a fluorescent signal that can be correlated to 
the concentration of analyte [29]. For example, Ben-Haim et al. 
demonstrated that enzymatic activity could be maintained within 
vesicles by encapsulating trypsin and using it to cleave the mem- 
brane permeable BZiPAR (bis-(CBZ-Ile-Pro-Arg)-R110, a Rhoda- 
mine 110 peptide substrate), releasing green fluorescent 
Rhodamine 110 [29]. Enzymatic cascades are also possible within 
vesicle structures, where different vesicles can contain different 
steps to an enzymatic cascade reaction, leading to the plausibility 
of compartmentalized, sequential reaction steps within a single 
structure. Such a scheme was demonstrated by encapsulating horse- 
radish peroxidase (HRP) and glucose oxidase (GOx) in separate 
polymersomes to detect glucose [26]. After GOx converts glucose 
to into gluconolactone and H203, the membrane permeable H203 
diffuses into solution and enters the polymersomes containing 
HRP and 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) 
(ABTS), where the resultant reaction produces the ABTS radical 
cation (ABTS *). This reaction was also realized in a single struc- 
ture with an additional extra step where membrane bound Candida 
antarctica lipase B (CalB) converts 1,2,3,4-tetra- O-acetyl-b-gluco- 
pyranose (GAc4) to glucose [27]. The polymersome biosensors 
that contained these reaction components were formulated to be 
naturally permeable to glucose so it could pass through the mem- 
brane and initiate the remainder of the reaction cascade in the 
interior. Channels imbedded in the membrane can also be utilized 
in vesicle biosensors as electrochemical detection schemes [30], or 
to allow the passage of membrane impermeable analytes to internal 
reaction components |1, 28]. With cascade events, amplification 
can be achieved in this format as well. 

Vesicles have also been designed to be responsive to the envi- 
ronment by causing a structural change in the molecules that make 
up the membrane. Vesicles produced from polydiacetylene (PDA) 
lipids are very popular in this regard for use in colorimetric assays, as 
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they will undergo a rapid color change that is visible to the naked 
eye in response to various environmental stimuli, including pH, 
temperature, and exposure to a variety of molecules, peptides, and 
solvents [31]. For biosensor applications, biorecognition elements 
can be conjugated to the PDA vesicle membrane, and binding of 
analytes will cause a sharp color change, the degree of which is 
proportional to the concentration of analyte in the sample [32-34 |. 
Although PDA vesicles are generally very stable, their production 
cost is currently prohibitive to widespread commercialization and 
they can suffer from issue with specificity, as they are naturally 
responsive to a wide range of stimuli. 

Other effective strategies also exist to realize amplification with 
the use of vesicle that makes use of their mass and surface-to-volume 
ratio. For one, they can be used to encapsulate high concentrations 
of signaling molecules to increase the sensitivity of various types of 
immunoassays [35]. Antibodies specific to the analyte in question 
are immobilized to a surface and the vesicles can either be tagged 
with the analyte and compete with free analyte to bind with the 
immobilized antibodies (competitive immunoassay) or vesicles can 
be tagged with antibodies and bind to the analyte-immobilized 
antibody complex (sandwich immunoassay). In this way, a large 
concentration of signaling molecules can be associated with a single 
binding event, and analysis can be accomplished through the locali- 
zation of dye containing vesicles for colorimetric [36—38 | and fluo- 
rescent [39, 40] assays, release or production of ions for 
electrochemical signaling [35], and the release of chemiluminescent 
substrates for chemiluminescence assays [41] (see Note 1). The 
extra mass and size provided by vesicles relative to the analyte 
being detected is another use of vesicles for signal amplification. 
With surface plasma resonance (SPR) sensors, vesicles can be used in 
sandwich immunoassays to amplify the degree of SPR shift 
measured by the detector [42 |. Vesicles can also enhance the sensi- 
tivity of quartz microbalances (QCM) [43, 44]. Quartz microba- 
lances measure the mass of absorbed material based on its oscillation 
frequency, and this mass can be increased significantly with the 
attachment of a vesicle to each bound analyte on the microbalance. 
Theoretically, however, any nano- or micro-particle with a modifi- 
able surface can accomplish the same effect as vesicles with respect to 
SPR and QCM. 

With all the talk about the utility of vesicles for biosensor 
applications, there has yet to be wide spread adoption of vesicle 
based biosensors. A major bottleneck is their inherent fragility and 
short-shelf life, where fusion and lipid hydrolysis remain to be the 
most common culprits of population degradation. Long-term stor- 
age of a few months to more than a year will be a requirement of 
any biosensor kit utilized in the public domain. While freeze drying 
is a popular means of storage, this has not been successfully demon- 
strated with vesicles that are immobilized to surfaces and rehydra- 
tion efficiency could potentially be a challenge [45]. 
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Fig. 1 Schematic and microscopic images of one-step double emulsion device and double emulsion 
generation. (a) Schematic of device design used for double emulsion production. (b) Close-up of double 
emulsion generation zone. Aqueous channels are 50 um wide unless otherwise specified. Oil channels are 
30 um wide. (c) Microscopic image of double emulsion generation zone and double emulsion production 


In this work, we report on two methods to create GUVs from 
microfluidically generated double emulsion templates that are suit- 
able for long-term storage in an aqueous environment. Microfluidic 
methods offer the advantage of precise control over the size and 
lamellarity of the resultant vesicle population, and greatly increase 
the encapsulation efficiency over bulk methods |46, 47 | (see Note 
2). For both methods, W/O/W double emulsion precursors are 
formed within a single junction, co-focusing microfluidic device, as 
illustrated in Fig. 1. The oil phase consists of oleic acid with 
dissolved lipids. In the first method, the double emulsions are 
placed in an electrolyte solution whereby an increase in interfacial 
tension between the oil and external water phase causes the oil layer 
to undergo a dewetting process [48], forming a lipid bilayer and 
collecting as a “cap” on one side of the vesicle (Fig. 2). In the 
second method, the double emulsions are collected in a solution of 
14% ethanol, whereby the oleic acid is extracted out by the ethanol 
solution to form a lipid bilayer over the course of 15 h, as described 
previously [49]. The GUVs produced from these methods can be 
used as a basis for future biosensing technologies and applications. 
We also present methods to integrate recognition elements on the 
vesicle surface and insert melittin to create a permeable channel for 
penetrating analytes. 
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Oil Cap 





Lipid Bilayer 


Fig. 2 Brigh-field microscopic images of the dewetting process. Process is from /eft-to-right. Upon exposure to 
increased interfacial tension from electrolytes, the oil in the double emulsion begins to accumulate to one 
side, causing a local thinning of the oil shell and an increase in the depletion force in that area. The lipid tails 
can then force out the excess oil and form a bilayer. Scale bar is 12 um 


2 Materials 


2.1 SU-8 Master 
Mold Fabrication 


A HW N e 


2.2 Microfluidic l. 


Device Fabrication 


. Cleanroom facility (Class 1000 or greater). 

. 3 inch silicone wafer (Polishing Cooperation of America). 

. SU-8 photoresist (2025 or 2050, MicroChem). 

. 2% (v/v) hydrofluoric acid (HF). Solution is made by mixing 


480 ml of water with 20 ml HE (49%). Protective eyewear, 
neoprene or thick nitrile gloves, and a neoprene apron must be 
worn while handling HF. 


. Photo Resist Spin Coater (Laurell Technologies). 
. UV Flood Exposure System (AB&M). 
. Transparency Mask (20,000 dpi, CAD /Art Services, Brandon, 


OR). The device design was drawn in AutoCAD (AutoDesk) 
and exported to Adobe Illustrator (Adobe) .esp format for 
printing. 


. 5 x 5 in. transparent glass or quartz sheet. 
. Hot plate. 

. Isopropyl alcohol (IPA, 99.9%). 

. Acetone (99.9%). 

. SU-8 developer (MicroChem). 


Unidirectional flow tabletop workstation (TT-4830, Envirco 
Corporation, Albuquerque, NM). 


. Polydimethylsiloxane (PDMS) base and curing agent (Sylgard 


184, Dow Corning). 


. Petri dish (100 mm x 15 mm, PD-3561, Phenix Research 


Products). 


2.3 Imaging 


2.4 Fluid Pumping 
System 


2.5 Working 
Solutions 
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4. Harrick Air Plasma Cleaner (Harrick Plasma). 


. KJLC 205 Series Thermocouple Gauge Controller (Kurt J. 


Lesker Company). 


. Trivac D2,5 E Vaccum Pump (Oerlikon Leybold Vacuum, 


Product# 140002). 


. Compressed nitrogen gas tank (Airgas). 

. Spray gun (Furon®). 

. Biopsy punch (Integra™ Miltex®). 

. Vacuum/degassing chamber. 

. Oven (65 °C and 120 °C). 

. Light duty tissue wipes (One-Ply White Wipers, 4.5 x 8.3 in., 


VWR). 


. Standard glass microscope slide (Corning). 


. Scalpel (Staninless #3 scalpel holder and surgical blade No. 11, 


Feather). 


. 1 ml syringe (Norm-Ject”). 


. Inverted microscope (TC2000-S, Nikon). 
. High speed camera (V310 Phantom, Vision Research) and 


associated software. 


. Compatible PC. 


. SMC ITV0011-2UMS digital regulator (Automation Distri- 


bution) and associated LabVIEW Software. 


. DC regulated power supply (1670A, BK Precision). 

. USB DAQ (x2, National Instruments). 

. Pressure supply (House air or tank). 

. Pressure regulator (Swagelok). 

. Tygon tubing (0.02in ID, 0.06in OD, AADO02103-CP, Cole- 


Parmer). 


. 2.0 ml freestanding screwcap tube (SCSO20TF, Phenix 


Research Products). 


. 23 G x1 needles ((0.6 mm x 25 mm, BD Precision™ Glide 


Needle). 


. Internal Solution—5% solution of Pluronic F68, diluted with 


DI water from 10% Pluronic F68 (Sigma-Aldrich), and 
250 mM sucrose (Fisher Scientific). 


. Middle Solution—10 mg/ml of DOPC (1,2-dioleoyl-sn-gly- 


cero-3-phosphocholine, Avanti Polar Lipids) and 5 mg/ml 
cholesterol (Avocado Research Chemicals, Ltd) dissolved in 
oleic acid (Fisher Scientific). This solution can be modified to 
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contain other lipids for surface conjugation of sensing ele- 
ments, and will be referenced in the text. 


(a) Covalently Bonded Amine Reaction: Add 10% molar ratio 
of DSPE-PEG(2000) Cyanur (Avanti Polar Lipids) to 
DOPC in middle solution. 


(b) Biotin—Avidin Interaction: Add 1-10% molar ratio bioti- 
nylated lipid (DSPE-PEG(2000) Biotin, Avanti Polar 
Lipids) to DOPC in middle solution. 


. External Solution (Method 1)—2 parts (v/v) pluronic F68 


(10% solution, Sigma-Aldrich), 1 (v/v) part glycerol (EMD 
Biosciences), and either 125 mM NaCl (Fisher Scientific) or 
250 mM sucrose. 


. External Solution (Method 2 )—1 part ethanol, 1 part glycerol, 


1 part water, 4 parts 10% pluronic F68. 


. Storage Solution (Method 1)—0.5% pluronic F68 in 250 mM 


sucrose solution. 


. 0.4 and 0.1% (w/w) solutions of PVA (polyvinyl alcohol, aver- 


age MW _ 30,000-70,000, 87%-90% hydrolyzed, Sigma- 
Aldrich). 


. 1% (v/v) Teflon® AF (DuPont™) in Fluorinert™ FC-43 


(3 M™), 


3 Experimental Setup and Methods 


3.1 Creation of SU-8 The master mold is fabricated using standard UV photolithography 

Master Mold techniques [50, 51 |, following the MicroChem protocols for SU-8 
to achieve the desired feature height. The protocol is briefly 
described below for 40 um high features. An external vendor prints 
the transparency mask via high-resolution printer at 20,000 dpi. 
The mask can produce ten devices on a single wafer and is printed 
such that the channel features are transparent on a black back- 
ground (Fig. 3). Steps 1-8 below need to be completed in a 
Class 1000 (or greater) cleanroom facility to ensure a dust-free 
master mold. 


1. Inachemical fume hood, submerge the silicone wafer in 2% (v/ 


v) HE solution for 15s, wash with water, and allow to dry at 
120 °C for 20 min. Always wear proper personal protective 
equipment (PPE) when handling HF solutions and employ the 
buddy system. Do not use glass containers for HF. 


. Spin coat SU-8 2050 photoresist onto the silicon wafer. Spin 


at 500 rpm (21.3 x g) for 10s to ensure even spreading, then 
ramp up to 4000 rpm (1363 x g) to achieve a 40 um feature 
height. 


3. Soft bake the wafer at 65 °C for 3 min and 95 °C for 6 min. 
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Fig. 3 Photograph of transparency mask. Each mask can produce ten individual 
devices 


4. 


Remove silicon wafer from oven or hotplate and place in the 
UV flood exposure lamp. Place and center the transparency 
mask on top of the wafer and place a 5in x5in glass sheet on top 
of the transparency mask to prevent light leakage. 


. Expose the wafer to 160 mJ/cm?. To calculate the time needed 


to expose the wafer to UV radiation, divide the exposure 
energy by the power output of the UV lamp (mW/cm”). 


. Bake the wafer at 65 °C for 1 min and 95 °C for 6 min. 
. Place the wafer in SU-8 developer for 5 min. While the wafer is 


submerged in developer, move the container in small 
infinity motions to ensure complete removal of undeveloped 
photoresist (more important for high aspect ratio features). 
A sonicator can also be used for high aspect ratios, but the 
development time should be reduced accordingly. 


. Wash wafer with excess SU-8 developer, followed by IPA. 


9. Hard bake the patterned wafer at 150-200 °C for 5 min. 


ll 


. Spin coat with 1% (v/v) Teflon® AF in Fluorinert™ FC-43 at 


3000 rpm (768 x g) for 30 s. Cover entire wafer with a thin 
layer of solution before running spinner. 


. Place wafer in 120 °C oven for l min. 
12, 


Store wafer in a dry, dust-free environment. The wafer can be 
reused for many years. 


. The plasma chamber is set up in a laminar flow hood to prevent 


the inflow of dust and debris. An image of the setup can be seen 
in Fig. 4. 
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Vacuum 
Pump 





Fig. 4 Photograph of plasma chamber setup 


3.2 Microfluidic 2. The rear of the plasma chamber is connected to the vacuum 
Device Fabrication pump using 3/8 in ID reinforced tubing and tightened in place 


with hose clamps. 
3.2.1 Plasma Chamber 


Setup 3. The perpendicular portion of a brass T-junction pipe is secured 


to the front door of the plasma chamber. The pressure gauge is 
connected to one end of the T-junction pipe and a valve to the 
other. The valve is used to control the pressure inside the 
plasma chamber during operation. 


4. A scalpel, N spray gun, tape, punches, lint-free tissue wipes, 
IPA, and glass slides are kept close by to aid in PDMS device 
fabrication. 


3.2.2 PDMS Fabrication 1. Place the wafer in a petri dish, and fill it with 20-25 g of PDMS 

Methods pre-polymer base—curing agent mixture. The PDMS should be 
mixed at a 10:1 (w/w) ratio of base to curing agent until it has a 
milky, opaque appearance. 


2. Pour the PDMS into the petri dish over the wafer and degas in 
a vacuum chamber for at least 30 min or until PDMS is trans- 
parent and no bubbles remain. 


3. Place in a 65 °C to cure for at least 4 h. 


4. Once cured, cut out the desired number of devices with a 
surgical scalpel or similarly sharp blade, cutting around the 
devices to not ruin any of the SU-8 features. 


5. With tweezers, pull up a corner of the cut section and begin to 
peel off the PDMS device. 


3.3 Surface 
Treatment 


12. 


13. 


14. 
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. Use the biopsy punch to produce holes for the fluid inlets and 


outlets. Inlets are labeled in Fig. 1 and can be seen as the large 
circles in the transparency mask (Fig. 3). An outlet hole should 
be punched at the end of the straight channel labeled “To 
Collection Outlet” in Fig. 1. 


. Clean off any excess dust using scotch tape and an N32 spray 


gun. 


. Place the device, channel side up, inside the plasma chamber. 


. Clean a glass slide with IPA (wipe with tissue and spray clean 


with Na) 


. Place cleaned slide in plasma chamber. 
ll. 


Close plasma chamber and seal valve. Turn on pump and allow 
to pump down past 300 mTorr. Adjust valve to maintain 
pressure at 300 mTorr. Turn on plasma. 


Treat device in air plasma for 60-90 s (device has a surface area 
slight smaller than glass slide. Larger devices require longer 
treatment times). 


After the set time has passed, turn off the plasma, then the 
pump, and remove device once pressure has equalized. 


Immediately place the device, channel side down, on the sur- 
face of the glass slide that has been exposed to the plasma. Push 
out any air bubble by pressing down with tweezers or similar 
object. The air plasma removes the methyl groups from the 
PDMS surface and replaces them with silanol (SiOH) groups 
(rendering the surface hydrophilic). The silanol groups will 
form a covalent bond with the silica (SiO2) groups on the 
glass slide to form a siloxane (Si-O-Si) bond, permanently 
sealing the PDMS to the glass slide [50]. 


Since PDMS is naturally hydrophobic, to successfully form W/O/ 
W double emulsions, the channel carrying the continuous phase 
must be hydrophilic to ensure that the oil phase does not interact 
with the walls of the device. To accomplish this, the walls of the 


continuous phase channel are treated with a 0.4% (w/w) solution of 
PVA, as described by Teh et al. [49]. The setup can be seen in Fig. 5. 


l. 
2, 


Connect the outlet of the device to a vacuum line. 


Place 5-10 pl of a 0.4% (w/w) solution of PVA into the 
continuous phase inlet. 


. After 15-30 s place 5-10 ul of a 0.1%(w/w) solution of PVA 


into the continuous phase inlet. This step is to clean any excess 
PVA that may have accumulated in the droplet generation 
region. 


4. Leave the device connected to the vacuum for at least 2 min. 


. Repeat steps 1—4 for other devices on the chip. 
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Fig. 5 Photograph of setup for PVA treatment. Place PVA solution at the inlet of the external phase channel with 
the vacuum applied to the outlet 
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Fig. 6 Schematic diagram of experimental setup 


6. Place the device in a 120 °C oven for at least 12 h. 


7. Devices can be stored at room temperature in a dry environ- 
ment for up to a year before use. 


Generally, five devices are prepared at a given time so that 
backup devices are ready in case a leak or other imperfection pre- 
vents proper functioning during an experiment. Devices can also be 
made in bulk and kept in reserve for later use (approx. 
6-12 months). Five devices can take approximately 30 min to 
bond and surface treat, and given the PDMS curing time of 4 h, 
up to 30 devices can be fabricated in a single working day. 


23G Needle in 
Tubing 
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Fig. 7 Image of fluid reservoir tube 


3.4 Double Emulsion 
Production 


Experimental Setup. 


A schematic of the experimental setup is shown in Fig. 6. The 


device is viewed on an inverted microscope via a high-speed camera 
connected to the side port, and the pressure of the inlet fluids is 
controlled via an SMC pressure regulator. The regulator obtains air 
from a house air source, and is controlled via a Labview VI. Two 
DAQs are used to interface the LabVIEW VI with the four pressure 
lines of the SMC regulator. The input line of the fluid reservoirs 
(Fig. 7) are connected to one of the four available pressure lines, 
with the output line inserted into the appropriate channel of the 
device. 


L: 


Connect internal, oil, and external phase solutions to proper 
inlets in device (refer to Fig. 1). Tubing of fluid reservoirs 
(Fig. 7) should be primed before connection to device. 


. Connect the pressure lines of the fluid reservoirs to the pressure 


lines of the SMC regulators. 


. Run a pressure of 2 psi to each line until all fluids meet at the 


droplet generation junction. 


. Lower the pressure of the oil line to 1.5 psi, and lower the 


internal phase line to 0.5 psi or until it retreats from the droplet 
formation region. 


. Increase the pressure of the internal phase line slightly to rein- 


troduce it to the droplet formation region, sheathed by the oil 
phase and not interacting with the walls of the device (Fig. 8). 


. Varying the internal phase pressure allows larger variations in 


droplet diameter while variations in the external phase pressure 
allow for more subtle variations (Fig. 9). Shell size variations 
and multiple internal droplets can be achieved by further 
increasing the oil phase pressure (data not shown). 


——s — — y 


Y 


_ le — 


Fig. 8 Correction procedure for wetting of internal phase. (Left-to-right Image of internal phase breaking through 
oil phase, decrease internal phase pressure, reintroduce internal phase, and droplet production reinitiates 
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Fig. 9 Characterization of device using a pressure source for each fluid phase. Values in the legend represent 
the pressure of the external phase. The pressure of the oil phase was varied from 0.8—1.0 psi to maintain 


stable double emulsion production 


Table 1 


Size distribution for select double emulsion diameters 


Intended diameter (um) 
10 
15 
20 
30 


Table 2 


Actual diameter (um) 
9.0+0.6 

14.9 + 0.5 

21.4 +0.5 

30.9 + 0.6 


Double emulsion population count over the course of 8 months in storage 
solution at room temperature. (p = 0.0926, 1-way ANOVA) 


Time (months) 


0 


2 
4 
8 


Concentration (particles/ml) x 10° 


1.42 + 0.10 
1.37 + 0.06 
1.32 + 0.09 
1.27 + 0.16 


3.5 Formation of 
Vesicles 


3.5.1 Method 1 
3.5.2 Method 2 


3.6 Insert Membrane 
Protein Pore 
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Fig. 10 Phase contrast image of a population of vesicles after dewetting. The 
bright structures within or to the side of the larger round structures (vesicles) are 
the oil “caps” 


7. Collect and store double emulsions in excess storage solution 
(method 1) or excess external solution (method 2) at room 
temperature. 


8. The double emulsions are highly monodisperse (Table 1) and 
can be stored for at least 8 months (Table 2). 


(a) To form the vesicles, dilute the double emulsion solution in 
PBS ata 1:5 ratio or greater. Double emulsions should begin to 
form lipid vesicles within 1 min (Fig. 10). 


(a) Store the double emulsions in excess external solution (14% 
ETOH) to extract the oleic acid from the double emulsion 
shell. 


(b) The extraction process will take approximately 15 h. Leave the 
double emulsions at room temperature overnight. Please refer 
to [49 ] for further information on this process. 


During production, components of a biosensing reaction can 
be encapsulated within the double emulsion, while membrane 
proteins or pores can be introduced once the vesicles are formed 
through nano-vesicle fusion techniques [52, 53]. Membrane com- 
ponents that spontaneously insert into lipid bilayers can simply be 
placed in solution with the fully formed vesicles or included within 
the internal phase during double emulsion production. 


1. Use a 7:3 molar ratio of DOPC:DOPG (1,2-dioleoyl-sn-gly- 
cero-3-phospho-(1’-rac-glycerol), Avanti Polar Lipids) in the 
middle solution (Subheading 2.5, item 2) to generate the 
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3.7 Integration of 
Sensing Element onto 
Vesicles 


3.7.1 Method 1 
(Covalently Bonded Amine 
Reaction) 


vesicles. Include 100 uM of the pH sensitive fluorescent probe 
fluorescein (Fluka, MW = 33.32) in internal phase to verify 
pore formation. 


2. Following dewetting in PBS, mix with 4.5 uM melittin in PBS 
and incubate for 30 min. A subset of the vesicle population 
should act as a control, and should not be exposed to melittin. 


Melittin, the major toxin found in bee venom, is an antimicro- 
bial peptide that forms nonspecific pores in lipid bilayers [54]. Since 
vesicles are able to encapsulate a large variety of species that can be 
used in biosensors, such as ions, small organic molecules, biological 
macromolecules, and nanoparticles, pore-forming toxins can create 
a pore to let analyte(s) permeate into the vesicles for detection |55 ]. 
a-hemolysin (aHL), a bacterial pore-forming toxin, is another 
popular choices due to its self-assembling capability to form 
1.4 nm transbilayer channels [56]. 

Melittin insertion can be verified via a pH sensitive fluorescent 
dye. The internal phase of the vesicles do not include any buffer, 
making the interior slightly acidic. Fluorescein demonstrates weak 
fluorescence in acidic solutions, but fluoresces brightly when the 
pH = 7. When melittin inserts into the bilayer, PBS is allowed to 
enter and neutralize the vesicle interior, resulting in increased 
brightness. After 30 min of incubation in our test, the control 
sample had a mean pixel intensity of (8.6 + 1.9) x 10° a.u (arbi- 
trary units) while the sample exposed to melittin showed a mean 
pixel intensity of (25 + 5.3) x 10° a.u. (p < 0.01, N= 16, Student 
T-Test). 


(a) Prepare the vesicles using a 10% molar ratio of DSPE-PEG 
(2000) Cyanur (Avanti Polar Lipids) to DOPC in the middle 
solution (Subheading 2.5, item 2) according to the steps in 
Subheading 3.4. 


(b) Disperse vesicles into phosphate buffer (40 mM, pH 8.3) and 
add 0.2 M protein for overnight. 


(c) Wash with PBS three times to remove unbound protein. 


Proteins are covalently coupled to the vesicles via amine- 
reactive cyanur-groups, either directly to the vesicle surface using 
cyanuric chloride-activated DSPE (cyanur-DSPE) or to the distal 
ends of PEG-spacers using activated cyanur-PEG2o99-PE(Cyanur 
1 ,2-distearoyl-sn-glycero-3-phosphoethanolamine- N-[ cyanur 
(polyethylene glycol)-2000] (ammonium salt)) (Fig. 11) [57,58]. 
Cyanuric chloride at the PEG terminus functions to link peptides, 
antibodies and other amine-containing biomolecules or nanoparti- 
cles via a nucleophilic substitution reaction under basic conditions. 
Antibodies or other proteins can be conjugated without any previ- 
ous derivatization. In this study, we used fluorescent IgG-FITC 
(Jackson ImmunoResearch) as a model protein to ensure successful 
conjugation (Fig. 12). For sensing purposes, the protein or 
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Fig. 11 Structure of DSPE-PEG(2000) Cyanur 


3.7.2 Method 
2 (Biotin-Avidin 
Interaction) 





Fig. 12 Image of the vesicle conjugated with IgG-FITC 


antibody orientation can also be an important issue. If the N- 
terminus of an antibody is correlated with the binding part of 
antigen [59], Protein A (Sigma-Aldrich) could be used to ensure 
proper orientation, as it specifically binds with the Fc domain of 
antibodies, leaving the antigen binding region exposed and facing 
away from the vesicle surface for optimal antigen capture | 35]. 


(a) Prepare the vesicles using a 1-10% molar ratio biotinylated 
lipid (DSPE-PEG(2000) Biotin, Avanti Polar Lipids) to 
DOPC in the middle solution (Subheading 2.5, item 2) 
according to the steps in Subheading 3.4. Add avidin and the 
biotinylated protein /antibody into PBS at a molar ratio deter- 
mined by the number of binding sites you wish to occupy on 
the avidin. Since one binding site on the avidin will be used to 
attach to the vesicle surface, the ratio of avidin to available 
binding sites should be 1:1. The molar ratio of avidin to 
biotinylated antibody can vary from 1:1, 1:2, or 1:3. Incubate 
the mixture at room temperature for 15 min. Equation 1 can 
be used to estimate the moles of avidin required (DOPC 
Headgroup Area ~ 72 A” [60]): 
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NN Vesicle Surface Area 
Moles Avidin = 








(Lipid Headgroup Area)x N4 


N,: Avagadro’s Number 


x (Molar Fraction Biotinylated Lipid) x (Vesicle Concentration) x (Vesicle Solution Volume) 


Eq. 1 Estimation of moles of avidin to add to biotinylated vesicle solution 


(b) Disperse vesicles into the PBS solution used in step 2. 


(c) Wash with PBS three times to remove unbound protein/ 


antibodies. 


The biotin—avidin interaction is high affinity, irreversible 


[61, 62], and has been demonstrated successfully to functionalized 
vesicle membranes and lipid surfaces [63-65]. Labeling proteins 
with biotin and using biotinylated lipids can link these two compo- 
nents irreversibly with avidin in a sandwiched structure. With the 
biotin—avidin interaction, antibodies with a biotinylated Fc domain 
can be conjugated to the vesicle membrane with the binding site 
oriented away from the surface. 


4 Notes 


L; 


The ability to encapsulate a high concentration of signaling 
molecules into vesicles via microfluidic droplet production is 
also advantageous to amplify binding events in an immunoas- 
say. For example, Damhorst et al. [35 | demonstrated the use of 
vesicles as proof-of-concept ion-release vehicles for an imped- 
ance sensor to measure HIV viral load in spiked samples of a 
lower conductivity buffer solution. To accomplish this, a 
PDMS flow-through device is bonded on a glass slide with 
integrated gold electrodes. Anti-gp120, which binds to 
gp120 on the HIV envelope, is immobilized to the surface of 
the microfluidic device, and caught HIV particles as they flo- 
wed through. After washing, anti-gp120 functionalized vesi- 
cles encapsulated with 10x PBS are passed through the device 
and bind to the viral particles in a sandwiched fashion. Heating 
the mixture lysed the vesicles and released the encapsulated 
ions, dramatically decreasing the impedance of the solution. 
The normalized impedance change in solution after 200 s, and 
the maximum change in impedance within that time, can both 
correlated to vesicle concentration, which in turn could theo- 
retically be used to quantify viral load. The biorecognition 
element could also easily be changed to detect a variety of 
different analytes or pathogens. 
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Improved correlation between impedance change and ves- 
icle concentration can be achieved by using a homogeneous 
vesicle population and more efficient encapsulation methods, 
which are not possible using standard bulk methods of vesicle 
generation [49]. Employing microfluidic methods of vesicle 
generation can help further improve this assay by ensuring 
consistent ion release from each vesicle. Alternative assays that 
utilize different types of reporter molecules and biorecognition 
elements [36—40] could also benefit from the monodispersity 
and encapsulation efficiency of microfluidic droplet produc- 
tion. Furthermore, many laboratories and institutions that spe- 
cialize in such assays, are not proficient in the microfluidic 
production of vesicles, and would need them shipped from a 
source that could produce them. Given the short-shelf life 
of cell-sized vesicles, much of the population may be lost 
during shipment or compromised if the vesicles are freeze 
dried. With the method presented here, the highly stable dou- 
ble emulsions can be converted to vesicles upon arrival to their 
destination or ordered in bulk and stored until ready for use so 
that investigators have a steady supply of homogenous vesicles. 


. The utility of the described vesicle production method is the 
high encapsulation efficiency, monodispersity, and long- 
shelf life. A large concentration of a signal marker, such as 
ions or fluorescent molecules, or enzymatic reaction compo- 
nents, can be encapsulated in the double emulsions during 
production. When ready for use, the double emulsions can be 
converted into vesicles and have their surface functionalized 
with a biorecognition element or have a protein channel 
inserted in the membrane to allow access to internal reaction 
components. For example, Vamvakaki et al. [1] devised an 
elegant detection scheme to measure very small amounts 
(10—10 M) of the organophosphorus pesticides dichlorvos 
and paraoxon using vesicle biosensors that contained 
encapsulated acetylcholinesterase (AChE) and the membrane 
protein channel OmpF porin (Protein F). Protein F is a channel 
forming protein naturally found in E. coli that allows nonspe- 
cific passage of small molecules (<600 Da) through the mem- 
brane [66]. AChE works by hydrolyzing acetylcholine that has 
entered the vesicle interior via the Protein F channels, produc- 
ing choline and acetic acid. Acetic acid decreases the pH in the 
vesicle interior, which is monitored with the co-encapsula- 
tion of the pH sensitive fluorescent dye pyranine. Pyranine 
fluoresces brightly at low pH, and dims as the pH approaches 
neutral. Pesticides present in a sample pass through Protein F 
channels into the vesicle interior and irreversibly inhibit the 
activity of AChE, discouraging a drop in pH and resulting in 
a lower signal. The intensity of the fluorescent signal is corre- 
lated to the concentration of pesticide in solution, from a range 


of 10—4 — 10—12 M. The detection range is promising for 
measuring the amount pesticides present in contaminated 
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Filtration and Analysis of Circulating Cancer Associated 
Cells from the Blood of Cancer Patients 


Cha-Mei Tang, Peixuan Zhu, Shuhong Li, Olga V. Makarova, 
Platte T. Amstutz, and Daniel L. Adams 


Abstract 


Filtration is one of the most efficient methods to remove red and white blood cells from whole blood, while 
retaining larger cells on the surface of the filter. Precision pore microfilters, such as the CellSieve™ 
microfilters, are ideally suited for this purpose, as they are strong, with uniform pore size and distribution, 
and have low fluorescent background required for microscopic image analysis. We present a system to 
implement the filtration of whole blood in combination with CellSieve™ microfilters that is simple and 
straightforward to use. Being that the blood of cancer patients often contains both tumor cells and stromal 
cells associated with cancer that are larger than normal blood cells, microfiltration shows great promise in 
better understanding these cell types. Accurate identification and characterization of cancer associated cells 
has led to increased specificity as it relates to CTCs and epithelial-mesenchymal transition cells (EMTs) and 
enabled the identification of previously unknown cell types, such as cancer associated macrophage-like cells 
(CAMIs). Using a system that isolates both CTCs and circulating stromal cells, clinicians can better 
diagnose cancer patients to determine therapy, monitor treatment, and watch for recurrence. 


Key words Circulating tumor cells, CTCs, Cancer associated macrophage-like cells, CAMLs, Micro- 
filtration, Microfilters, CellSieve’™, Liquid biopsy, Liquid cell biopsy, Blood based biopsy 


1 Introduction 


Cancer is the most feared illness in the world, affecting all popula- 
tions and ethnicities. In the USA alone, there are more than 14.5 
million persons with a history of cancer, with about 1.7 million new 
cases and almost 0.6 million deaths projected for 2016 [1]. Cancer 
death worldwide is approximately 14 million new cases and 8.2 
million related deaths in 2012 [2]. 

When determining the best treatment approach for their 
patients, oncologists usually rely on the current diagnostic stan- 
dard, tissue biopsy. In addition to other clinical information, the 
tissue can be used to determine cancer subtype, because therapeutic 
drugs are frequently effective only for specific subtypes. Tissue 


Ben Prickril and Avraham Rasooly (eds.), Biosensors and Biodetection: Methods and Protocols, Volume 2: Electrochemical, 
Bioelectronic, Piezoelectric, Cellular and Molecular Biosensors, Methods in Molecular Biology, vol. 1572, 
DOI 10.1007/978-1-4939-6911-1_32, © Springer Science+Business Media LLC 2017 
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1.1 CellSieve™ 
Microfilter and 
Filtration System 


biopsy is invasive, costly, inconvenient—depending on the cancer 
and location, not always possible, and sometimes risky. Further, the 
initial biopsy taken at diagnosis may also not represent the disease as 
it progresses or metastasizes. 

In order to monitor treatment, oncologists need to know how 
well the drug is working for the patient, whether the dose should 
be adjusted, and whether the disease is spreading or mutating. The 
common methods for answering these questions are typically X-ray 
computed tomography (CT) scans and magnetic resonance imag- 
ing (MRIs) both of which are expensive and require the tumor to 
change perceptibly. 

Ninety percent of cancer patients with solid tumors die from 
metastatic diseases, not from their primary tumors. The metastatic 
process involves tumor cells that break free of the primary carcinoma 
(solid tumors of epithelial cells) and enter the blood stream. These 
breakaway cancer cells are known as circulating tumor cells (CTCs). 
One of the characteristics of CTCs is that they are usually much larger 
than red and white blood cells, which range from 6 to 12 um in size. 

CTCs are extremely rare, ranging from less than one to perhaps 
hundreds of cells per milliliter of blood, among approximately one 
billion hematologic cells (10°/mL). This makes the isolation and 
detection of CTCs challenging. The only FDA approved CTC 
diagnostic is CellSearch® for breast, prostate and colorectal cancers 
[3-6], but it cannot capture EpCAM negative CTCs and cancer 
associated stromal cells. 

Enrichment of CTCs based on size was first demonstrated by 
Seal et al. in 1964 using track etch microfilters [7-8] and other 
types of filters [9-11]. CTC collection by size separation has dis- 
tinct performance advantages over antibody-based methods, 
making size separation method potentially suitable for point-of- 
care analysis. 


CellSieve™ is a microfiltration filtration system ideally suited for 
this application [12-15]. The features and advantages (Fig. 1) are: 


e Uniform pore size and distribution. The pores are 7 um in 


diameter separated by 20 um over a 9 mm diameter area. There 
are about 180,000 pores in each filter, providing high porosity. 


e High quality microscope images. (a) CellSieve™ microfilters 


have very low autofluorescence, allowing highly detailed images 
of the cells. (b) The filter membrane lies flat on a microscope 
slide, minimizing the need for refocusing. 


e Strong material. Even though the filter membrane is only 
10 pm thick, it does not require a support during filtration, 
resulting in an even distribution of the cells on the filter. The 
thinness of the membrane allows rapid filtration with very low 
pressure differential. 


The advantages of the CellSieve™ filtration system (Fig. 2a, b) 
are: 
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30 pm 








Fig. 1 SEM image of CellSieve™ microfilter with uniform pore diameter and distribution 
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Fig. 2 The CellSieve™ filtration system. (a) Attach 60 mL waste syringe to the syringe pump, securing the 
syringe barrel with the clamp, with the finger flange in the top slot and the plunger in the bottom slot. Attach 
the assembled filter holder to the top of the waste syringe. (b) The inlet syringe is mounted above the filter 
holder and the waste syringe is below the filter holder. The syringe pump provides consistent speed to draw 
the blood from the input syringe into the waste syringe, and captures all large cancer associated cells and cell 
clusters above the filter while removing red blood cells and nearly all white blood cells 
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1.2 Cancer 
Associated Cells 


e Speed. The microfiltration process using CellSieve™ is rapid, 
taking only a few minutes to process a 7.5 mL sample. 


e High capture efficiency. Microfilters do not depend on surface 
expression of molecules for antibody capture of the CTCs. This 
provides a reliable method to collect all types of circulating 
cancer associated cells. The capture efficiency is >95% [12]. 


e Cell preservation. The filtration process is gentle, preserving 
the cell morphology. 


e Simple and clean assay system. The filter is contained inside a 
filter holder, which serves as the reaction chamber. The entire 
assay, from filtration to antibody staining, is performed within 
the holder. The filtration system is low cost and provides a clean 
and simple operation. 


After the assay is completed, the filter is removed from the holder and 
placed on a microscope slide for imaging. In order to identify cancer 
associated cells for carcinomas, the cells are stained with DAPI, 
cytokeratin (CK) 8, 18, 19 and CD45. CTCs are positive for CK 8, 
18, 19, and DAPI, while negative for CD45. Additional antibodies 
can be added, depending on the application of the assay, such as 
epithelial cell adhesion molecule (EpCAM). Markers can be chosen 
to identify a specific cancer, such as prostate-specific membrane anti- 
gen (PSMA) or androgen receptor (AR) for prostate cancer. 

We subcategorize CTCs into “pathologically defined” CTCs 
(PDCTCs) and apoptotic CTCs | 13]. PDCTCs are classic CTCs in 
which the cytokeratin appears in filamentous patterns, while in 





Fig. 3 Different stages of CTCs. (a) Pathologically defined CTCs (PDCTCs) are CTCs that maintain their 
morphological shape. The CK 8, 18, 19 have filamentous pattern. (b) Apoptotic CTCs are CTCs in the process 
of degradation. The CK 8, 18, 19 filaments disappear and become spots. This cell is in early stage of 
apoptosis. CK becomes entirely in form of spots in late apoptosis; the spots get smaller, and the nucleus 
degrades as apoptosis progresses 
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Fig. 4 EMT cells. CK 8, 18, 19 are usually very weak. The nuclei are not as large and cancerous looking as a 
PDCTC. They are frequently found as clusters 


apoptotic CTCs the cytokeratin becomes dots (Fig. 3a, b). Adams 
et al., 2015 [13] provides details of the different clinical utilities. 

Another group of cancer associated cells are epithelial-mesench- 
ymal transition cells (EMTs). In this type of cell, the cytokeratin 
expression is usually weak, due to downregulation. Additionally, 
these cells are often found in the form of clusters (Fig. 4). 

CAMLs are a subtype of circulating stromal cell found to 
express CK 8, 18, 19, but with a uniform, diffuse staining pattern 
throughout the cytoplasm of the cell. CAMLs appear very large in 
size, 25-300 um, with atypical nuclei (Fig. 5). They have been 
shown to express CD45, CD11c, and CD14, which defines their 
origin as myeloid lineage. CAMLs have been found in the process 
of engulfing tumor cells and tumor debris, as reported in the paper 
by Adams, et al. 2014 [14]. The paper also illustrates more 
morphologies associated with CAMLs. Figure 5 shows a renal cell 
carcinoma CAML that it is over 100 um in length with an atypical 
multinucleated nucleus. The markers chosen to evaluate this renal 
cell carcinoma sample are DAPI, PD-L1, vimentin, and CD45. 
Renal cell carcinomas express vimentin more often than cytokera- 
tin. PD-L1 is the most appropriate biomarker used to determine 
eligibility for immunotherapy. 

Unlike CTCs found mostly in metastatic cancers, CAMLs are 
found in all stages of solid tumor cancers. Our data of 190 patients 
from four types of cancers (breast, prostate, pancreatic, and non- 
small cell lung cancers) show that CAMLs were found in 91% of 
patient samples and in all stages. This is substantially more often than 
CTCs, which were found only in 29% of the patients and typically 
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Virmentin 





Fig. 5 This is an example of CAML from a renal cell carcinoma patient. This illustrates its large size, atypical 
nucleus, and expression of CD45. Renal cell carcinoma tumors express vimentin, and the presence of vimentin 
indicates that this could be related to renal cell carcinoma. PD-L1 stain may be useful to indicate whether the 
patient might respond to immunotherapy. Other morphologies of CAMLs can be found in Adams et al. 2014 [14] 
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Fig. 6 Percentage of finding at least one CAML in different stages of cancer from four different cancers 


only in late stages. Stratified by stage, CAMLs were found in Stage I 
(77%), Stage II (98%), Stage III (86%), and Stage IV (91%), while 
none were found in 30 healthy controls (Fig. 6). Thus, CAMLs 
appear to be a valuable biomarker for all stages of cancer. 
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1.3 Applications Liquid cell biopsies utilizing the CellSieve™ microfiltration 
method can simultaneously collect three types of circulating cancer 
associated cells. These three cells together provide a wide variety of 
research and potential clinical applications that are not possible 
utilizing CTCs alone. Some examples of clinical applications 
enabled by these cells are given below. 


e Companion diagnostics. Liquid cell biopsy can be used as a 
diagnostic test to predict the efficacy of a drug targeted to a 
patient’s specific cancer. We give a specific example as an illustra- 
tion. Immunotherapy is achieving significant success for mela- 
noma, non-small cell lung, and kidney cancers. The same drugs 
may be applicable to other cancers. Currently, FDA approved 
companion diagnostics for immunotherapy are based on expres- 
sion of PD-L1 on tissue biopsy |16, 17]. However, biopsies over 
the course of treatment are not always possible. The cancer might 
also mutate from the time of the initial biopsy, possibly indicat- 
ing the need of a change in therapy. PD-L1 expression on CTCs, 
EMTs and CAMLs from liquid biopsy can provide current tumor 
associated information to determine PD-L1 expression. 


e Early detection of cancer. Examples of people at high risk of 
developing cancer are smokers and people with family history or 
BRACI and BRAC2 mutations. Low dose CT is recommended 
as screening for lung cancer. Mammography is recommended 
for screening for breast cancer. Diagnosis of cancer following 
imaging is based on tissue biopsy. A blood test provides a lower 
cost alternative, and is always obtainable. We performed a dou- 
ble blind study of 41 mammography positive patients, compar- 
ing tissue biopsy with blood test for CAMLs, and the results 
showed that CAMLs are a possible alternative as a follow-up 
diagnostic |14]. 

e Monitoring of minimal residual disease and recurrence. Can- 
cer patients in remission are usually monitored by CT scan and 
MRI 2-3 times per year. Imaging can only determine recurrence 
if the tumor grows to 5 mm or larger and changes size perceptibly 
over time. The presence of CAML and CTCs in peripheral blood 
may indicate minimal residual disease, recurrence or a new cancer. 
The change of number of CAMLs and CTCs can provide infor- 
mation of residual disease at an earlier time point than imaging. 


The CellSieve™ microfiltration system provides a platform to 
collect all cancer associated cells to enable research and gathering 
clinical data during clinical evaluation, as well as other applications. 


2 Materials 
2.1 Supplies for 1. CellSieve™ CTC Enumeration Kit (Creatv MicroTech, Inc.). 
Filtration Each kit contains sufficient filters, antibodies, and reagents to 


perform assay of ten blood samples. 
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2.2 Syringe Pump 


2.3 Fluorescent 
Microscope 


2. CellSieve™ microfilter holder (Creatv MicroTech, Inc.). 


. 10 mL CellSave Preservative Tubes (Janssen Diagnostics, LLC 


Catalog No. 790005). 


.50 mL centrifuge tube (BD Catalog No. 352070 or 


equivalent). 


. 30 mL syringe with male luer lock (BD Catalog No. 302832 or 


equivalent). 


. 60 mL syringe with male luer lock (BD Catalog No. 309653 or 


equivalent). 


7. 50 mL beaker. 


l. 


. 100 mL sterile 1x PBS 0.2 um filtered. 
. 50 mL sterile 1x PBS with 0.1% Tween-20, referred to as 


PBST 0.2 um filtered. 


. Sharp tweezers with smooth contact surface (TDI Interna- 


tional Catalog No. TDI-AA-SA-1 or equivalent). 


. Microscope slides. 

. Glass cover slips (18 x 18 mm). 

. Nail polish or equivalent coverslip sealant. 

. Serologic pipettor and 10-mL serological pipettes. 

. Transfer pipette 3.5 mL sterile (Sarstedt Catalog No. 


86.1171.001 or equivalent). 


. 70% ethanol. 
. 20% bleach solution, i.e., household bleach diluted 5:1 to 


obtain ~1.5% concentration of sodium hypochlorite. 


Programmable syringe pump with withdraw function, KD Sci- 
entific Legato 110 CMT (Analytical West, Inc.). 


. Fluorescence microscope with the appropriate optical filters 


and objectives. Upright microscope is preferred. 


. Optical filters: 


Fluorescence Chroma Part Excitation Emission Dichroic 


dye # filter filter filter 
DAPI 49000 350/50 460/50 400 
FITC 49020 480/20 510/20 495 
TRITC/PE Custom 546/10 585/40 565 


Cyanine 5 Custom 640/30 700/75 660 


3 Methods 


3.1 Assembling of 
CellSieve™ Microfilter 
in Filter Holder 


Install a 
black gasket 
in the filter 
holder base 


u 
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For the initial scan for cells, a trichroic filter, that visualizes 
DAPI/FITC/Texas Red® channels simultaneously, is useful. 
This can be obtained from Chroma, part number 69002. 


3. Objectives: (a) 10x /0.40 and (b) 40x /0.75. 
4. Monochrome camera. 


5. Two monitors are preferred to display the images acquired by 
the camera. 


To test patient blood, collect at least 7.5 mL of peripheral blood in 
the CellSave tube. The blood must be kept at room temperature 
from the time of draw until filtration. Hot or cold temperatures 
cause clots. The blood should also be processed within 96 h and 
preferably within 24 h. 

Assays that involve spiking cell lines into healthy blood require 
some care. Live (unfixed) cells spiked into healthy blood usually 
disappear within an hour due to interaction of the cells with blood 
components. If the cells are prefixed, the degree of fixation may 
affect the markers of interest. One should consult instructions of 
the cell line supplier or other literature. The cells should be cultured 
fewer than ten passages. 


The filter holder contains the filter and acts as the reaction well to 
perform the assay. The filter holder is assembled as follows. 


l. Insert the first black gasket into the holder base (Fig. 7a). 
Using the tweezers, place a filter membrane, shiny side up, on 
top of the black gasket (Fig. 7b). Ensure that the tweezers hold 
only the edge of the filter and that the membrane lies flat on the 
gasket. Place a white gasket on top of the membrane (Fig. 7c). 


Install Install white Install the Complete assembly 
microfilter gasket above middle of the filter holder 
above the the microfilter cylinder using the nut 
black gasket 

T H : X )) 
A ao | | | 


Fig. 7 Assembling the filter holder. (a) Install a black gasket into the filter holder base. (b) Install the microfilter 
membrane, shiny side up, on top of the black gasket. (c) Place a white gasket on top of the membrane. (d) 
Insert the middle cylinder into the holder base. (e) Screw on the nut until tight to obtain the assembled filter 
holder. The filter membrane should be flat 
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3.2 Setting Up the 
Filtration Apparatus 


Inlet 
Syringe x 
without 


plunger ~~» 1 


Inlet E 
adaptor ——> 





Fig. 8 Input syringe Assembly. Remove the plunger and twist the input adapter 
onto the syringe 


2. Insert the middle cylinder into the holder base (Fig. 7d). 


l. 


. Screw on the nut to form the assembled filter holder (Fig. 7e). 


When correctly tightened, (a) the shiny surface of the filter 
membrane will appear flat, when viewed from above, and (b) 
blood will not leak during filtration. 


Remove the plunger from a 30 mL syringe and securely attach 
the barrel to the inlet adapter by twisting the Luer lock fitting 
(Fig. 8). This is the input syringe. 


. Place syringe pump vertically on a stable surface and attach the 


power supply (see Note 1). 


. The syringe pump should be programmed for “CellSieve 


Pull” and “CellSieve Push” operations at the rate of 5 mL/ 
min. 


. Pour 5 mL of PBS into the 50 mL beaker. Using the 60 mL 


syringe, draw about 5 mL of PBS into the syringe. Then hold 
upright and draw in about 1 mL of air. This is the waste syringe. 


. Carefully attach the 60 mL waste syringe to the syringe pump, 


securing the syringe barrel with the clamp, with the finger 
flange in the top slot and the plunger in the bottom slot, as 
shown in Fig. 2a. 


. Attach the assembled filter holder to the top of the waste 


syringe by pressing down with a twisting motion (Fig. 2a). 


. Attach the input syringe (Fig. 2a) to the top of the assembled 


filter holder by pressing down with a twisting motion to obtain 
the configuration shown in Fig. 2b. 


. Power on the syringe pump. Select the “CellSieve Push” 


program and press “Enter”. 


. Press “Run” to push the PBS into the filter holder. 
10. 


When PBS is visible in the input syringe, press “Stop”. 


3.3 Prepare the 
Blood Sample 


3.4 Filter the Blood 
Sample 


3.5  Postfixation, 
Permeabilization and 
Staining of Filter- 
Captured Cells 


ie 
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. Place 7.5 mL whole blood into a 50 mL centrifuge tube, add 


7.5 mL of CellSieve™ Prefixation Buffer. 


. Cap the centrifuge tube and mix by gently inverting three 


times. 


. Incubate for 15 min at room temperature. 


Transfer the pre-fixed blood sample to the input syringe by 
pipetting directly to the bottom of the input syringe barrel. 


. Press “CFG” and “Back” on the pump and select the “Cell- 


Sieve Pull” program. 


Select “Enter” and “Run” to draw the sample through the 


filter device at the rate of 5 mL/min. 


3: 


When the blood reaches the bottom of the syringe, Immedi- 
ately wash the input syringe twice by adding 4 mL of PBS 
buffer to the input syringe and allow it to draw to the bottom 
of the input syringe. When the entire sample has passed 
through the device and air is visible in the waste syringe, press 
“Stop”. 


. Remove the input syringe and inlet adapter by pulling up with a 


twisting motion. This allows access to the filter for staining in 


the holder. 


. Preform wash three times with 1 mL of PBS each time into the 


filter holder opening. 


. Add 500 uL of CellSieve™ Postfixation Buffer onto the filter 


holder. Cover the filter holder opening with the centrifuge 
tube cap. Incubate for 20 min at room temp. 


. Draw the Postfixation Buffer through the filter. Wash the filter 


with PBS. 


. Add 500 uL of CellSieve™ Permeabilization Buffer into the 


holder opening and cover with the centrifuge tube cap. Incu- 
bate for 20 min at room temp. 


. Draw the Permeabilization Buffer through the filter. Wash the 


filter with PBS. 


. Remove the filter holder by lifting upwards with a twisting 


motion, and then reattach the filter holder to the top of the 
waste syringe by pressing down with a twisting motion (see 
Note 2). 


. Add 150 uL of CellSieve™ Enumeration Staining Solution 


onto the filter and cover the filter holder with the centrifuge 
tube cap. Incubate for 1 h at room temp. 


. Draw the stain through the filter. Wash the filter with PBST. 
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3.6 Image 
Acquisition 


3.7 Analysis of 
Cancer Associated 
Cells 


8. Disassemble the filter holder by unscrewing the nut and lifting 
out the middle cylinder. Using the tweezers, carefully remove 
the filter membrane and place it on a microscope slide, shiny 
side up. 

9. Place a 10 uL drop of CellSieve™ Mounting Solution with 
DAPI dilactate on the filter. Add a cover slip and seal the edges 
with nail polish or equivalent sealant. 


The microscope slide is imaged in a fluorescent microscope system 
as described in Subheading 2.3. Imaging is facilitated when the 
filter is oriented on the microscope slide such that the row of the 
pores lies parallel to the motion of the microscope stage. Scan the 
filter horizontally in a row, then move down to the next set of rows. 
This procedure will ensure that the whole filter is analyzed without 
missing any region (see Notes 3 and 4). 


Scanning the filter with a trichroic filter is the easiest way to start, 
because it is possible to see the nucleus and cytoplasm of the cells 
simultaneously. Once a cell or a cluster of cells is identified, refocus 
on the nucleus at 40x. Acquire the image of each fluorescent 
channel at 10x and 40x. 

If the microscope does not have a trichroic filter, one can start 
in the DAPI channel. CTCs and CAMLs are large, with nuclei 
larger than white blood cells. EMTs tend to be in clusters. It is 
possible to look for large nuclei and clusters of nuclei. 

We recommending sorting the cells imaged into various cate- 
gories after image acquisition: CTCs (pathologically defined CTCs 
& apoptotic CTCs), EMTs, and CAMLs (see Notes 5 and 6). 


e CTCs for epithelial cancers express CK, have a cancerous nuclei 
or nuclei in division, and are CD45 negative. They may express 
EpCAM. CTCs can be sub-divided into pathologically defined 
CTCs with filamentous CK, or apoptotic CTC with CK in spots 
[13]. 

e EMTs nuclei are typically smaller than CTC nuclei. CK expres- 
sion is usually weak. However, they are easily found, because 
they are typically found in clusters. 


e CAMLIs are the easiest to identify. They are very large, 
25-300 um in size with large atypical nuclei and/or multinucle- 
ated. Their typical shapes are round, rod shaped, with one tail, or 
with two tails oriented 180 degrees from each side of the cell 
[14]. The CK express is amorphous. 


Sometime, there is no cytoplasm associated with a large atypical 
nucleus. This could happen when the nucleus is extruded from the 
cytoplasm of the CAML. 

Other interesting information that can be obtained from the 
CAMLs are their size and the intensity of markers. 


3.8 Cleaning the 
Filter Holder 


4 Notes 


Acknowledgments 
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Assay waste contains biohazardous materials and should be dis- 
posed of according to standard safety procedures. Remove the 
waste syringe from the syringe pump and dispose appropriately as 
biohazardous material. 

Syringe pump should be cleaned after each use. Spray 70% 
ethanol on a paper towel and wipe the surfaces. 

Filter holder components should be cleaned after each use or 
whenever contaminated. Soak in 20% bleach for 30 min, followed 
by a thorough rinse in de-ionized water. After rinse, soak in 70% 
ethanol for 20 min, followed by a thorough rinse in de-ionized 
water. Allow the holder to dry before the next use. Do not leave 
holder components in the solutions for longer than recommended 
and do not use ultra violet sterilization. 


l. Steps in Subheading 3.2 is very important because it prevents 
formation of air bubbles under the filter. The presence of air 
under the filter blocks the flow, causing higher pressure and 
nonuniform distribution of cells on the filter. High pressure 
can damage the cells. 


2. Step 5 in Subheading 3.5. This step is important, because the 
slight vacuum underneath the filter may cause the antibody 
reagent to flow through the pores. 


3. Microscope imaging of the cells requires some experience to be 
efficient. The experience can be obtained from processing and 
analyzing cell lines spiked into blood. Initially, learn using 40 x 
objective. With experience, one can search for cells using the 
10x objective. 


4. It is important to not expose the cells to the light source too 
long, to avoid bleaching the fluorescent dyes. 


5. Some cells that stain for cytokeratin are not actually CTCs. The 
most common cell type is granulocyte, which are easily distin- 
guished by their multi lobed nuclei. Granulocytes don’t express 
cytokeratin, but the nature of these cells causes the cytokeratin 
antibodies to bind nonspecifically. 


6. Endothelial cells: They can be single cells or clusters. One 
might need additional markers to distinguish them from 
EMTs. Endothelial cells express CD146, CD31, and CD34. 


This research is funded by the U.S. Army Research Office (ARO) 
and the Defense Advanced Research Projects Agency (DARPA) 
(W911NF-14-C-0098). The content of the information does not 
necessarily reflect the position or the policy of the US Government. 
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Inkjet-Printed Paper Fluidic Devices for Onsite Detection 
of Antibiotics Using Surface-Enhanced Raman 
Spectroscopy 


Stephen M. Restaino, Adam Berger, and lan M. White 


Abstract 


Surface enhanced Raman spectroscopy (SERS) provides rapid and sensitive identification of small molecule 
analytes. Traditionally, fabrication of SERS devices is an expensive process that involves the use of micro- 
and nano-fabrication procedures. Further, acquisition of diverse sample types requires complex preparation 
procedures that limits SERS to lab-based applications. Recent innovations using plasmonic nanoparticles 
embedded in flexible paper substrates has allowed the expansion of SERS techniques to portable analytical 
procedures. Recently inkjet-printing has been identified as a low cost, rapid, and highly customizable 
method for producing paper based SERS sensors with robust performance. This chapter details the 
materials and procedures by which inkjet printed SERS sensors can be fabricated and applied to relevant 
applications. In particular, methods for utilizing the sensors for detection of antibiotics are presented. 


Key words Surface enhanced Raman spectroscopy, SERS, Paper, Sensors 


1 Introduction 


Surface enhanced Raman spectroscopy (SERS) enables label-free 
chemical detection with a detection performance similar to that of 
fluorescence spectroscopy | 1 ]. The technique is based on the use of 
metal nanostructures to provide a tremendous enhancement to 
Raman spectroscopy, a common chemical analysis method. Upon 
laser light excitation, a targeted analyte scatters photons at energy 
levels that correspond to quantized vibrational energy levels of the 
molecule, i.e., Raman scattered photons; because the vibrational 
energy levels are unique to the structure of the molecule, the 
measurement of the Raman scattered photons provides a spectral 
fingerprint that can be used to identify a target analyte. Unfortu- 
nately, Raman scattering is too weak to be applied for the trace 
detection of analytes. However, noble metal nanostructures expe- 
rience tremendous localized electric field enhancement when the 
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optical excitation wavelength is on resonance with the nanostruc- 
ture geometry. As a result, when combined with enhancements 
provided by nanoplasmonics of noble metal nanostructures, 
Raman spectroscopy (1.e., SERS) can be utilized for trace detection 
of chemicals. In fact, when an analyte is located at the surface of 
noble metal nanostructures, it has been shown that the measured 
Raman signal can be increased from 10° up to 10™* times as 
compared to conventional Raman spectroscopy. The powerful 
capability of SERS was demonstrated nearly 20 years ago with the 
reports of Raman signals from single molecules [1—4]. 

Typically, SERS measurements are performed by applying a 
liquid sample onto a rigid substrate that has a nanostructured 
noble metal surface. These SERS-active surfaces can be fabricated 
through a number of possible techniques, including self-assembly 
[5-8], directed or templated assembly [9-12], thin film growth 
[13], and nanolithography [14-16]. These methods vary in cost, 
but all require sophisticated facilities, and importantly, all are not 
capable of high throughput production. As a result, SERS technol- 
ogy has not progressed beyond use in the research labs; new 
fabrication methodologies are necessary to enable field-based appli- 
cations of SERS. 

One promising route is the use of paper or membranes deco- 
rated with metal nanostructures. Though not much attention was 
given to it at the time, in the 1980s and 1990s, SERS substrates 
were implemented on paper by depositing silver nanoparticles onto 
paper [17, 18], depositing silver onto polymer spheres embedded 
in paper [19, 20], and growing silver nanoparticles insitu in paper 
[21-23]. More recently, paper SERS devices have also been gener- 
ated by soaking [24-29 | and by screen printing [30]. While these 
methods represent SERS substrates that are easy to manufacture, 
none is particularly high throughput, and thus may not lead to mass 
production. Our group was the first to report the fabrication of 
SERS substrates on paper and membranes using inkjet printing 
(Fig. 1) [31], which is well suited for high throughput roll-to-roll 
manufacturing, and thus is promising as a method to replace the 
conventional rigid SERS substrates generated with nano- 
manufacturing techniques. 

In addition to their low production cost, paper SERS substrates 
have tremendous advantages over rigid SERS substrates because of 
the flexibility and the fluidic properties of paper. Due to their 
flexibility, paper SERS substrates can collect trace samples from 
surfaces by using the substrates as swabs | 32 |. In addition, because 
of the inherent wicking properties of paper, liquid samples can be 
collected quickly and easily by simply dipping the sensor into the 
sample [32]. Furthermore, once the sample has been collected in 
the paper, the analyte can be separated from background compo- 
nents by utilizing the chromatography properties of the paper [33]. 
Finally, the wicking properties also enable the lateral flow 
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sample 
collection 





Fig. 1 Common desktop inkjet printers can be utilized to inject metal nanoparticles into cellulose paper or 
similar membranes, allowing them to serve as SERS substrates 


2 Materials 


2.1 Experimental 
Setup Components 


2.2 Printing Supplies 
and Reagents 


concentration of analyte molecules into a small region of the paper 
sensor |34]. 

In this chapter we review the production of paper-based SERS 
substrates using inkjet printing. We then demonstrate the perfor- 
mance of the SERS substrates utilizing common model Raman 
analytes. Finally, we illustrate the capabilities of the inkjet printed 
SERS sensors using antibiotics as model pharmaceutical agents that 
could benefit from portable sensing technologies capable of rapid 
and multiplexed identification of drug targets. 


l. Raman 785 nm Spectrometer, (QE65000, Ocean Optics, 
Dunedin, FL). 

2. Diode Laser, 785 nm, 100 mW (0811A100-B, Ocean Optics, 
Dunedin, FL). 

3. Fiber optic Raman probe, (Integrated Photonic Solutions, 
Monmouth Junction, NJ). 


4. Spectrasuite acquisition and analysis software (Ocean Optics, 
Dunedin, FL) (see Note 1). 


1. 8% (w/v) sodium citrate tribasic dehydrate (citrate) (Catalog 
No. $4641, Sigma-Aldrich, St. Louis, MO) was prepared in 
18.2 MQ deionized (DI) water. 


2. 7.2% (w/v) silver nitrate (Catalog No. 209139, Sigma-Aldrich, 
St. Louis, MO) was prepared immediately prior to use in 
DI water. 

3. Glycerol (Catalog No. W294004, Sigma-Aldrich, St. 
Louis, MO). 
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2.3 Chemical and 
Reagents for Sensing 


3 Methods 


3.1 Plasmonic Ink 
Preparation 


4. Deskjet 1010 (Hewlett-Packard, Palo Alto, CA). 
5. HP 61 black ink cartridge (Hewlett-Packard, Palo Alto, CA). 


6. Whatman Grade 1 cellulose chromatography paper (Catalog 
No. 3001-681, GE Healthcare, Pittsburg, PA). 


1. Hydrochloric Acid 37% (Catalog No. BDG3030, VWR, Rad- 
nor, PA) diluted to 2% in DI water. 


2. Methanol (Catalog No. 439139, Sigma-Aldrich, St. Louis, 
MO). 

3. 1,2-Di(4-Pyridyl)ethylene (Catalog No. B52808, Sigma- 
Aldrich, St. Louis, MO) was initially dissolved in methanol at 
a concentration of 10 mM. 


4. Sulfapyridine (Catalog No. $6252, Sigma-Aldrich, St. Louis, 
MO) diluted in methanol to 1 mM. 


5. Ampicillin (Catalog No. 61177-0050, Acros Organics, Geel, 
Belgium) diluted in methanol to 1 mM 


6. 6-Aminopenicillanic acid (Catalog No. A70909, Sigma- 
Aldrich, St. Louis, MO) diluted in DI water to 1 mM. 


7. Ciprofloxacin (Catalog No. 17850, Sigma-Aldrich, St. Louis, 
MO) diluted in methanol to 1 mM. 


Inkjet production of SERS devices provides a simple, low cost, and 
rapid production method for highly sensitive small molecule sen- 
sors. Inkjet printed sensors require development of plasmonically 
active inks that provide consistent ejection from existing printer 
systems. Further, once ejected and evenly distributed amongst the 
fibers of a paper sensor, these nanoparticle constructs must settle in 
a configuration such that the particles are immobilized and pro- 
mote plasmonic coupling and therefore excitation hotspots. Dur- 
ing the printing process, the nanoparticles aggregate into small 
clusters throughout the fiber complexes of the paper (see Fig. 1), 
allowing for coupling and ultimately the desired enhancement of 
Raman spectra. 

Nanoparticle colloids are easily produced using modified pro- 
tocols from the literature based on simple citrate reduction proce- 
dures for both silver and gold [ 35, 36] (see Note 2). These colloids 
must then be concentrated to reduce the volume of ink necessary to 
produce sufficient nanoparticle coverage to form functional sensor 
surfaces. To allow consistent ejection in inkjet systems, aqueous 
colloid solutions must be used with modified viscosities as droplet 
ejection requires viscosities higher than that of water. Multiple 
viscosity modifying agents are available, and can be chosen to suit 
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3.2 Inkjet Printing 
Plasmonic 
Nanoparticles 


particular applications (see Note 3); in this work both glycerol and 
propylene glycol inks are used. Both agents produce sensors with 
equal SERS performance, but provide different flow characteristics 
for dipstick style applications. Specifically, the propylene glycol 
solution has a shorter evaporation time once deposited than the 
glycerol solution, which is essentially permanent over the life of a 
printed silver sensor. A dry sensor region provides improved wet- 
ting, and therefore wicking, allowing for increased sample transfer 
and concentration effects. Use of a glycerol ink is utilized in this 
work for generic sensor characterization, and propylene glycol is 
utilized in the application section for dipstick-based pharmaceutical 
drug detection. 


1. 400 mL of deionized water is brought to a boil under constant 
stirring. The vortex generated through stirring should reach 
the stir bar. 


2. 1 mL of silver nitrate solution (7.2%) is added. 
3. Once fully mixed, 1 mL of citrate solution (8%) is added. 


. The solution is held under a vigorous boil for 10 min. The 
solution color should change from clear to yellow, then slowly 
darken ending with in a greenish-brown color. 


5. Using heat-resistant gloves, the flask is removed from the 
hotplate and allowed to cool to room temperature, then stored 
in polyethylene bottles at 4 °C (see Notes 4 and 5). 


6. To form the ink, 100 mL of silver nanoparticle (Ag NP) solu- 
tion produced from the reduced silver nitrate is divided 
amongst two 50 mL conical tubes and centrifuged at 
8000 x g for 20 min. 


7. After centrifugation, 49.5 mL of solution is removed from each 
tube, with care not to disturb the nanoparticle pellet. 


8. The remaining 500 uL in both tubes are combined and mixed 
with 1 mL of glycerol (or 430 uL of propylene glycol). Com- 
pleted inks are stored in 10 mL conical tubes at 4 °C to prevent 
aggregation of the particles. 


Production of paper SERS sensors is simply and rapidly accom- 
plished through utilization of commercial desktop inkjet printers. 
Use of printers allows for rapid and low cost production of sensors 
that can be easily customized and produced on demand or on a 
large scale in roll to roll processes. Common inkjet systems rely 
largely on two processes: piezoelectric jetting and thermal jetting. 
Piezoelectric systems utilize piezoelectric crystals to electrome- 
chanically induce generation and ejection of droplets from a nozzle. 
These systems allow ejection of droplets with no impact on the 
contents of the solution, but are relatively expensive to produce. 
Thermal jetting (bubble-jet) systems utilize locally high 
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temperatures to form and eject vapor droplets (see Note 6). Com- 
pared with piezoelectric systems, thermal jetting systems have been 
shown to provide more precise droplet ejection on sub-millimeter 
scale devices [37]. For production of paper SERS devices, both 
piezoelectric and thermal jetting methods provide sufficient droplet 
production properties. In this work, a thermal system (HP Deskjet 
1010) is used (see Note 7 ) 

In addition to the printer, the paper type chosen for printing 
should be considered during development of sensors for a particu- 
lar application. The chemical makeup of a particular paper type can 
have a direct effect on the movement of both large biomolecules 
and small organic molecules. These effects can directly impact the 
detection capabilities of a sensor for a particular target, or improve 
detection through affinity based filtration of sample contaminants 
[33, 34, 38]. Many paper/membrane types exist, the most com- 
mon of which are pure cellulose, nitrocellulose, and polyvinylidene 
fluoride (PVDF). Paper selection has been shown to present poten- 
tial advantages in detection of certain analytes [32, 33]. Beyond 
analyte-paper interactions, each of these paper types has grades that 
define the average pore size between fibers, which can impact 
sample flow rates and immobilization stability of nanoparticles. 
For this work, Whatman Grade 1 chromatography paper was cho- 
sen as a cellulose based substrate (see Note 8). 


1. Sensors used for this work are produced through the use of the 
HP deskjet 1010 bubble-jet printer. First, ink cartridges pack- 
aged with the printer are opened to allow access to the ink well. 
This is accomplished through careful cutting of the plastic 
housing as shown in Fig. 2. 


2. Once opened, the ink-containing sponge should be removed 
and discarded with forceps and the well should be rinsed with 
water. 


3. Once the majority of the ink is removed, a small paper mem- 
brane separating the main ink well from the print head should 
be exposed; this should then be completely removed. 





Fig. 2 Photograph of HP Deskjet 1010 print cartridge before and after opening of the ink well 
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Fig. 3 Screenshot and photographs of (a) MATLAB generated sensor design and (b) sensors printing from HP 
Deksjet 1010 


3.3 Characterization 
of Paper SERS Sensors 


. The well is then heavily rinsed with water until the effluent is 


completely clear. Finally, an ethanol or isopropanol rinse is used 
to ensure all remaining ink is removed. 


. Once sufficiently clean, silver nanoparticle inks should be 


added with a pipette (1 mL) to the ink well in the cartridge 
(see Fig. 2) (see Note 9). 


. Printing designs can be produced in nearly any drawing soft- 


ware that includes sufficient color control to allow ink ejection 
from a single cartridge well. For example, ideal software allows 
control of colors in the CMYK space (cyan, magenta, yellow, 
black), which are each commonly associated with an individual 
ink well. In this case, MATLAB was used to automatically 
generate square sensor regions of 5 x 5 mm with a 2 cm 
dipstick handle region separating sensor rows. (Fig. 3). 


. During printing, care should be used to avoid contact between 


the printed regions of the paper and rollers within the paper 
feeding mechanism. 


. Once printed, sensors are then cut with scissors or a desktop 


paper cutter. 


. Sensors should be prepared fresh, but can be stored at room 


temperature in a desiccator for several days (see Note 10). 


Prior to applying a particular target of interest to paper SERS 
devices, it is best to verify reproducible concentration dependent 
detection of a model molecule. This is necessary due to potential 
changes in performance from various ink, printer, and paper com- 
binations. Model molecules, commonly fluorophores, provide an 
easily excitable molecule with a known SERS signal; many have 
been published throughout the literature [4, 32, 33, 39]. 
Performance testing of paper SERS sensors is accomplished 
through direct application of SERS active dyes to the sensors. As 
an example, dipyridylethylene (BPE) is used to verify reproducible 
concentration-dependent recordings of expected spectra. 


532 Stephen M. Restaino et al. 


In some cases, it is necessary to treat sensors with solutions 
designed to promote adsorption of the target of interest to the 
nanoparticle clusters. These treatments can range from strong acids 
[40] to polyamine compounds [41 ]. In this work, BPE detection is 
aided with a hydrochloric acid treatment prior to sample addition. 


1. Signal acquisition is performed on sensors placed on an alumi- 
num foil wrapped microscope slide and positioned under the 
fiber optic probe which is securely fastened to an adjustable, 
vertical stage (see Note 11). 


2. The software, laser, and spectrometer, are then initialized. The 
laser is then positioned at the center of the printed region and 
the height of the fiber probe is adjusted to produce the largest 
possible signal. 


3. The sensor background is then recorded through positioning 
the probe at nine points along the sensor (see Fig. 4). 


4. Sensors are then prepared for sample addition using a 2 pL 
drop of 2% HCl applied to the center of the sensor region of a 
printed paper strip. 

5. Next, a 2 uL drop of a known concentration of BPE is applied 
in the same manner as the HCl. Signals are then recorded in 
nine positions as stated above. 
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Fig. 4 Scanning of a paper SERS sensor with a Raman probe mounted on a 3-axis micropositioning stage. 
(a) Photograph of paper sensor positioned under Raman probe. (b) Schematic illustration of a paper sensor and 
scan locations at which spectra are recorded and averaged. (c) Comparison of a sensor background 
signal with BPE signal (averaged across five separate sensors through nine spots illustrated in (b) and 
Subheading 3.3) 
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Fig. 5 Data processing for SERS spectra. (a) Baseline subtraction for correction of SERS spectra to allow for 
simple peak height analysis. (b) Peak height analysis including Langmuir Fit (R? = 0.9721) of BPE tests from 


0.36 to 3600 picograms 


3.4 Detection of 
Antibiotics with a 
Paper SERS Dipstick 


6. Starting from 10 pM BPE, signals from 3 sensors are recorded 
for every order of magnitude down to 1 nM BPE. 


7. Using data processing software, data should first be baseline 
subtracted to isolate peak heights from the background. This 
can be done in MATLAB, or similar software, using an asym- 
metric least squares fit and a higher order polynomial. For this 
work, a sixth order polynomial shows sufficient agreement with 
the acquired signal backgrounds (see Fig. 5). 


8. Once the baseline has been subtracted, the peak heights from 
the most prominent peak (1633 cm) are extracted and aver- 
aged among all points on a single sensor. 


9. Peak heights are then averaged across multiple sensors ( N = 3) 
and then fit to a Langmuir Isotherm (see Note 12), which 
allows a formula for reliable concentration prediction from 
acquired signals (see Fig. 5). 


Paper SERS devices are particularly advantageous for detection of 
small molecules with complex structures. Many small molecule 
pharmaceutical agents provide molecular structures with sufficient 
complexity to allow identification through Raman spectroscopy. 
While detection of pharmaceutical analytes is useful in a lab setting, 
there are also important applications for onsite identification of 
drugs and monitoring of blood concentrations for the purposes 
of adherence [42] and efficacy [43, 44]. Specifically, the detection 
of antibiotics in complex samples provides an example of an appli- 
cation that would significantly benefit from a portable detection 
strategy. Figure 6 Illustrates SERS signals from four antibiotics 
(amino-penicillanic acid, ampicillin, ciprofloxacin, and sulfapyri- 
dine) recorded on inkjet-printed SERS substrates. The concentra- 
tion detected here (200 ng/L) represents a concentration higher 
than that associated with normal therapeutic levels (<20 ng/L) 
[45], therefore some analyte concentration may be required; 
mechanisms for this are described below. 
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Fig. 6 Paper SERS identification of four antibiotics. Each spectra represents around 400 ng from a 2 uL 
solution of each antibiotic 


Portable detection methods generally require processing pro- 
cedures in order to acquire a sample then purify a target from 
potential contaminants. In many detection strategies, such as 
immunoassays, these procedures are complex and labor intensive. 
Paper SERS provides a flexible substrate that allows for simple 
sample acquisition through swabs and dipsticks. Further, sample 
processing mechanisms through the chromatographic properties of 
paper allow for simple separation and concentration of target mole- 
cules for detection [31, 33, 34]. These mechanisms have been 
shown to allow detection of small molecules amongst highly com- 
plex biological solutions such as infant formula. [33] Blood pre- 
sents a similar complex medium. Other work has investigated the 
complex spectra that are recorded from primary blood components 
within whole blood samples, potentially allowing isolation of sig- 
nals from analytes. [46, 47 | Further, It would appear that paper 
substrates can be utilized to physically separate analytes from the 
components of blood; this presents an interesting avenue for future 
work. 

For liquid sample acquisition and processing, both direct and 
indirect transfer of the sample to the sensor region is possible. 
Direct sample transfer can be accomplished through placement of 
the sensor region of a dipstick directly into a sample. This method 
allows for rapid sample processing and strong signal production 
(Fig. 7), but also leads to direct contact with sample contaminants 
and can, if Raman active species are present, lead to signal obfusca- 
tion. Indirect transfer of the sample to the sensor region can be 
accomplished through applying the dipstick to the sensor with the 
sensor out and allowing wicking to transfer the sample to the sensor 
region. This method allows for usage of the paper to aid in size and 
affinity based removal of sample contaminants. Unfortunately, with 
limited evaporation potential of aqueous samples, this method can 
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Fig. 7 Comparison of direct and indirect sample acquisition methodologies using inkjet-printed paper SERS 
dispticks. (a) Data collected from a 15 min dipstick incubation in a sample of 10 uM sulfapyridine (b) 
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Fig. 8 Illustration of dipstick procedures. (a) Prepare sample and SERS dipstick (b) Dip the sensor tip into the 
sample and allow the sample to wick through the paper (c) Scan sensor in 6 locations, averaging the resulting 
signals 


lead to less accumulation of the sample of interest and therefore a 
reduced signal compared to direct sample application (Fig. 7). 

In this work, illustration of the potential for detection of anti- 
biotics is accomplished through detection of sulfapyridine using a 
dipstick applied directly to an aqueous solution of the drug. Sam- 
ples are processed and data is shown for multiple dipstick incuba- 
tion times. 


1. In fabricating paper SERS dipsticks, sensors must first be 
printed as stated above in a triangular shape, or a triangular 
shape may be cut from rectangular printed regions. In this 
work, triangular shapes were cut from rectangular printed 
regions (Fig. 8). 

2. Once prepared, dipsticks are dipped into prepared sample solu- 
tions, in this case 10 uM sulfapyridine, and the solution is 
allowed to wick into the sample region for 15 min. 
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Fig. 9 Time dependent signal from sample accumulation throughout dipstick incubation period. (a) Recorded 
spectra from sensors dipped in a 10 uM solution of sulfapyridine and (b) peak height comparison at 


1083 cm! 


4 Notes 


. After the wicking time, the dipstick is removed from the sample 


solution and placed on a foil-covered microscope slide. 


. The sensor is then treated with hydrochloric acid (2 pL of 2% 


HCl). 


. Spectra are then recorded over six locations on the sensor 


surface. 


. Recorded spectra are then baseline subtracted and peak heights 


are analyzed for relative concentration determination (Fig. 9). 


The data in Fig. 9 show a time-dependent signal increase. This 


demonstrates that over time increasing amount of analyte accumu- 
lates in the sensing region due to the continuous wicking of the 
sample fluid. This concentration effect, which is unique to paper 
sensors, may be critical to boosting the detection performance. In 
the results shown in Fig. 9, 10 uM (2.5 ng/L) sulfapyridine is 
detected, which is in the range of therapeutic levels. 


1. SpectraSuite is no longer available through Ocean Optics, a 


replacement OceanView is available; however, the authors have 
not tested this software package. 


. Plasmonically active nanoparticles can be fabricated from either 


Ag or Au; however, each nanoparticle type contains distinct 
properties that will impact usage. Specifically, absorption prop- 
erties of Au restrict the use of excitation wavelengths in the 
500-600 nm range. Ag nanoparticles have a lower absorption 
peak (~400 nm), allowing use of lower excitation wavelengths. 
Stability of nanopariticles over time is also a necessary 
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LZ, 


consideration; Ag nanoparticles begin degrading once printed 
and lose SERS potential rapidly compared to printed Au nano- 
particles, which have a long shelf life. 


. Multiple viscosity modifying agents have been tested, including 


glycerol, dextran, propylene glycol. 


. Nanoparticle solution and the flask will be well above 100 °C; 


caution should be used when handling the flask. 


. Silver nanoparticles produced through the described protocol 


have been shown through SEM [33] to be roughly 100 nm. 
Work from our group suggests little impact from size on the 
quality of paper SERS signals. 


. Fabrication of SERS sensors from thermal jetting has shown no 


negative effects compared to piezoelectric jetting. Though 
thermal impacts should be considered, little to no impacts 
have been noted with thermally sensitive biomolecules such as 
enzymes [37 |. 


. Though this work utilizes the thermal HP Deskjet 1010 sys- 


tem, the cited works from our research group have exclusively 
used the piezoelectric based Epson Workhorse 30 desktop 
printer. No performance difference has been found between 
sensors produced with either printer. 


. Proprietary differences exist between Whatman papers labeled 


for “filter” and “chromatography.” Performance differences 
are possible and should be considered if “filter” grade paper is 
to be used. 


. Across multiple print jobs, nanoparticles may aggregate and 


clog print heads; streaking, spotting, or no ejection may be 
seen if clogging has occurred. Print heads may be removed, 
cleaned with water and alcohol, and placed briefly in a bath 
ultrasonicator. Once clean, printing should resume as normal. 
Piezo electric print heads in desktop printers are difficult or 
impossible to reversibly remove and clean. 


Ag nanoparticle sensors can be stored for several days, but 
should be tested with a model analyte and compared with 
signals acquired from fresh sensors for performance prior to 
testing. 

Aluminum foil provides a signal free background surface. 
Though little to no penetration of the paper should occur, it 
should be noted that glass produces a strong, broad Raman 
signal. 

Langmuir fit is based on the Langmuir isotherm and utilizes 
the equation: 


axCc 


® = Oy, X ——_—— 
A (l-axC) 
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High Resolution Microultrasound (US) Investigation 
of the Gastrointestinal (GI) Tract 
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and Benjamin F. Cox 


Abstract 


High resolution, microultrasound (US) scanning of the gastrointestinal (GI) tract has potential as an 
important transmural imaging modality to aid in diagnosis. Operating at higher frequencies than conven- 
tional clinical ultrasound instruments, US is capable of providing scanned images of the GI tract with 
higher resolution. To investigate the use of US for this application, a phantom which is cost effective, 
within ethical guidelines and, most importantly, similar in histology to the human GI tract is necessary. 
Therefore, a phantom utilizing porcine small bowel tissue has been developed for custom assembled pUS 
scanning systems. Two such systems, a stepping scanner and a continuous sweep scanner were utilized to 
repeatedly scan regions of prepared samples of porcine small bowel tissue. The porcine small bowel tissue 
phantom was perfused with degassed phosphate buffer saline (dPBS) solution through a cannula inserted in 
its mesenteric vessel to simulate in vivo conditions and achieve better US mucosal characterization. The 
US system scans a transducer across the tissue phantom to acquire RF echo data, which is then processed 
using MATLAB. A B-scan reconstruction produces 2D images with relative echo strength mapped to a 
color map of the user’s choice. The phantom developed also allows for modifications such as the insertion of 
fiducial markers to detect tissue change over time and simultaneous perfusion and scanning, providing a 
platform for more detailed research and investigation into US scanning of the GI tract. 


Key words Microultrasound, High resolution ultrasound, Gastrointestinal tract, Porcine small bowel 
tissue, Phantom development 


1 Introduction 


High resolution, microultrasound (US) scanners enabled the first 
imaging of tumor spheroids noninvasively in the late 1980s, illus- 
trating their potential as an imaging modality for the clinical envi- 
ronment after further development | 1 ]. US has a higher operating 
frequency range than conventional ultrasound, approximately 
25.0 MHz to >100 MHz. It has been shown to be useful in 
imaging the gastrointestinal (GI) tract, where a high degree of 
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correspondence was observed between US transmural B-scan 
images and corresponding histological analysis [|2 |. Subclinical pre- 
sentation of GI tract diseases has been shown to involve macro- 
scopically invisible mural pathologies, even prior to more severe 
systemic effects. For example, in resected bowel specimens from 
patients with Crohn’s disease, pathologists have identified micro- 
scopic ruptured capillaries hemorrhaging into the lamina propria 
despite the section examined being macroscopically normal [3]. 
Thus, having a high resolution transmural imaging modality pro- 
vides a basis for early medical intervention and may lower the risk of 
complications. 

Current transmural imaging of the GI tract involves modalities 
such as computed tomography (CT), magnetic resonance imaging 
(MRI) and endoscopic ultrasound (EUS) in the frequency range 
12.0-30.0 MHz [4]. 

Ultrasound refers to longitudinal sound waves with frequencies 
above the audible range of 20 kHz. In clinical medicine, ultrasound 
is often used to determine the presence of pathology in a region of 
interest noninvasively and is widely used in the fields of gynecology 
and gastroenterology. Ultrasound waves are generated via transdu- 
cers operating using the piezoelectric effect, in which changes in the 
electrical field induces changes in the physical dimensions of the 
material, and vice versa. Ultrasound transducers use this principal to 
generate ultrasound pulses from electrical driving signals. These are 
then propagated into a tissue sample and the amplitude and delay of 
the reflections is used to determine the physical interfaces of the 
tissue scanned. 

In EUS the lower frequency range favors depth of tissue pene- 
tration over imaging resolution in comparison with pUS. This 
relationship can be explained as ultrasound with higher frequency, 
and thus a shorter wavelength, provides pulses with shorter spatial 
length. This minimizes overlap between reflected waves, generating 
images with greater axial resolution. However, higher frequency 
ultrasound also experiences greater attenuation, reducing its depth 
of penetration in tissue. Considering this principle in the use of US 
scanners, a balance must be established between depth of penetra- 
tion of the ultrasound and its resolution to ensure transmural 
images of the GI tract are of sufficient quality to aid in diagnosis. 

To investigate US for transmural imaging, a phantom which is 
biologically similar to the human GI tract is required. In addition, 
the phantom should allow for experiments in which the physiologi- 
cal environment and the properties of the tissue relevant to pUS can 
be manipulated to mimic disease and assess correlation with histol- 
ogy. For ease of replication of pUS scan data, the phantom has to be 
easily procurable, cost effective and within ethical guidelines. 
Therefore, a phantom utilizing porcine small bowel tissue, which 
largely mimics human GI histology, has been developed for experi- 
mentation with US [5]. The phantom was scanned using a single 
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Fig. 1 US step scanner (a) front view (b) side-view of US scanner focusing on the scanning elements. (c) 
schematic diagram showing acquisition and scanning components: (A) Computer terminal, (B) Oscilloscope, 
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element US scanner mounted on a stage motor able to travel in 
both the x- and y-axes to provide biaxial scans for analysis. 

Two models of US scanning systems were used: (1) a step 
scanner as illustrated in Fig. 1 and (2) a continuous sweep scanner 
as illustrated in Fig. 2. The former consists of a stage motor which 
obtains scan data in a step-wise fashion producing images with 
better step accuracy and lower image noise, but a much higher 
total acquisition time in comparison to the continuous sweep scan- 
ner. The continuous sweep scanner consists of a stage motor which 
is able to travel continuously at two different acquisition modes, 
middle speed and fast speed. The continuous sweeping motion of 
the stage motor results in the acquisition of a lower number of 
signal averages from the location of scan. This decreases the signal 
to noise ratio (SNR) producing a reconstructed image with lower 
detail. In addition, because of the specific stages used, the continu- 
ous sweep scanner can scan regions of interest of lengths <25 mm 
compared to 100 mm for the stepping scanner. The technical 


differences between the stepping and continuous sweep scanners 
are highlighted in Table 1. 
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Fig. 2 US continuous sweep scanner (a) isometric view (b) schematic diagram showing acquisition and 
scanning components: (A) Computer terminal, (B) JSR Pulser/Receiver, (C) Operational amplifier with gain of 
two, (D) Two axis stage controller, (E) Network adapter module and FPGA processor, (A Frame 


To evaluate the use of the US step and continuous sweep 
scanners, images of the tissue phantom were generated using a 
standard ultrasound algorithm [6]. Utilizing MATLAB, a Hilbert 
transform is applied to the acquired averaged RE data, giving the 
envelope of each pulse, before transforming the resultant data to 
the decibel scale, logarithmically compressing the data. The echo 
amplitude data obtained is normalized and a noise floor cut-off is 
applied after B-scan reconstruction into an image as shown in 
Fig. 4. The reconstructed B-scan can be displayed with a color 
map of the user’s choice; a grey-scale map to the decibel scaled 
data is used here. 

In both wUS systems, the tissue samples used were 
abattoir-obtained porcine small bowel, fresh-frozen for delivery 
and storage. These were thawed and perfused to simulate physio- 
logical conditions before transecting the tissue adjacent to the 
upper edge of the mesentery to expose the lumen for pUS scan- 
ning. Perfusion was achieved via a cannula inserted into the mesen- 
teric vessel. Degassed phosphate buffer saline (dPBS) was perfused 
at a rate of 200 ml/h via a syringe perfusor to establish sufficient 
mucosal characterization in the pUS scan. The perfusor had a cutoff 


Table 1 
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Technical differences between US step and continuous sweep scanning systems 


Scanning method 


Average speed of 
scan 

Minimum 
programmable 


increment of 
stage motors 


RF data acquisition 


A-scan storage 


Maximum scan 
length 


Foundations of biomedical ultrasound Foundations of biomedical ultrasound 


Step-acquire-repeat scans Swept scans with continuous stage 
motion 
Average speed: 0.012 mm/s Mid mode: 0.1 mm/s 


Fast mode: 2.0 mm/s 


2.0 um 0.5 um 


Sampling frequency for the step scanner Obtained from a 12-Bit FlexRIO 


is adjustable according to oscilloscope oscilloscope adapter module at a 
time base, with a maximum frequency sampling frequency of 800 MS/s 
of 2.5 GHz 

Each A-scan stored was the temporal Each A-scan stored was the temporal 
average of <128 echoes to decrease average of between 4 and 32 echoes 
noise, and transfer of 9-bit data from to decrease noise, and transfer of 12- 
the oscilloscope to computer is via a bit data from the digitizer was to 
general purpose interface bus (GPIB) computer via PCI Express 


Available precision step scanning stage Available continuous scanning stage 
length is 100 m length is 25 mm 


pressure of 9 mmHg which prevents tissue damage due to increased 
fluid pressures during perfusion. Figure 3 illustrates a cannulated 
porcine small bowel tissue sample prepared for perfusion with 
dPBS. 

The vacuum packaging of the tissue sample to extend the 
preservation time compresses the tissue mucosa and much of the 
mesenteric and small bowel vessels causing deviation of the sample 
from its in vivo environment. This impedes characterization of the 
tissue sample with US scanning. The importance of perfusing the 
porcine small bowel tissue sample prior to US scanning is illu- 
strated through an experiment conducted to compare a tissue 
sample before and after perfusion with dPBS for which the B-scan 
2D reconstructed images are shown in Fig. 4. 

The inserted cannula left intact within the mesenteric vessel of 
the sample allows the option of simultaneous perfusion whilst 
scanning. In addition, cannulation also allows for experiments 
where the tissue’s acoustic properties are changed by perfusing 
infiltrates such as microbeads into the tissue to simulate lymphocyte 
aggregation during an inflammatory process. In the phantom 
developed for US scanning, glass bubbles were mixed in distilled 
water to produce a solution which was filtered through a 0.2 pm 
epidural flat filter into the mesenteric vessel of the porcine small 
bowel. Filtration is used to accurately mimic the size of the nuclei of 
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2 Materials 


2.1 Single Element 
„US Transducer 


Perfused 
small bowel 
vasculature 





Mesenteric 
vessel 


Cannulated 
mesenteric 
vessel 





Infusion set 
filled with red 
food coloring 
solution 





Fig. 3 Cannulated porcine small bowel tissue post-perfusion with diluted red 
food coloring solution 


lymphocytes, which has its highest density in the range approxi- 
mately 6-10 um. However, since phantom development is still in its 
early stages, the epidural flat filter was chosen, despite its smaller 
size limit, due to its cost effectiveness and ease of integration with 
other materials used for tissue sample preparation. The 2D recon- 
structed B-scan image for a section of porcine small bowel tissue 
sample perfused in this way is illustrated in Fig. 5. 

The prepared tissue sample was pinned to a scanning tray, 
which for a reference point, contained a layer of agar with an 
acoustic absorber sheet placed within it. A cross section of the 
scanning tray is illustrated in Fig. 6. 

To perform repeated scans of a particular tissue region for both 
qualitative and quantitative analysis, it was necessary to determine if 
there was any displacement of the tissue whilst scanning. To test 
this, a method was developed in which fiducial markers were 
injected into the region of interest. The fiducial markers used 
were Polybead® Microspheres 90.0 um. These hyperechoic beads 
allow comparison of sequential B-scan images reconstructed from 
data taken at regular time intervals. Figure 7 illustrates the B-scan 
of porcine small bowel tissue with injected fiducial markers. 


Commercial grade single element US transducer (AFMTH19 
with frequency of 48 MHz, Applied Functional Materials Limited, 
Birmingham, UK). 
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Fig. 4 Sequential B-scan reconstructed 2D images of the same porcine small bowel tissue scanned across its 
short axis using middle speed mode on the US continuous sweep scanner and the 48 MHz transducer. (a) 
Without any perfusion. (b) Perfusion with 60.0 ml degassed phosphate buffer saline solution shows greater 
mucosal characterization as illustrated by increased depth of tissue observed 


2.2 pUS Step l. Frame to house scanning system (custom built using aluminum 
Scanner System pillars fitted onto optical breadboards; Thorlabs Ltd., Ely, UK). 


2. Remote Pulser (JSR Ultrasonics, Imaginant Inc., New York, 
USA). 

3. MDO3014 Mixed Domain Oscilloscope (Tektronix UK Ltd., 
Berkshire, UK). 


4. DPR500 Dual Pulser/Receiver (JSR Ultrasonics, Imaginant 
Inc., New York, USA). 


5. SHOT-602, Two-axis Stage Controller (Sigma Koki Co., Ltd., 
Tokyo, Japan). 
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Depth (mm) 











Length (mm) Fiducial marker 





Length (mm) 


Fig. 5 B-scan reconstructed 2D images of the same porcine small bowel tissue scanned across its short axis 
using the mid speed mode and the 48 MHz transducer. (a) Perfusion with dPBS. (b) Perfusion with 60.0 ml 
dPBS solution and 10 ml 3 M™ Glass bubble mixture 


2.3 pUS Continuous 
Sweep Scanner 
System 


6. 


5-phase Stepper Motor (XY axis) (Sigma Koki Co., Ltd., Tokyo, 
Japan). 


7. Laboratory use Mini Scissor Lift Table. 


. Computer Terminal. 


. Frame to house scanning system (custom built using aluminum 


pillars fitted onto optical breadboards; Thorlabs Ltd., Ely, UK). 


. Remote Pulser (JSR Ultrasonics, Imaginant Inc., New York, 


USA). 


. 12-Bit FlexRIO oscilloscope adapter module (NIPX1le-1071, 


National Instruments, Texas, USA) paired with field- 
programmable gate array (FPGA). 


. DPR500 Dual Pulser/Receiver (JSR Ultrasonics, Imaginant 


Inc., New York, USA). 
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(a) 






Single element Remote pulser 

transducer 

dPeBs Transparent Single element 
Salulion container iransducer 

1% Agar Tissue » dPBS Solution 


layer sample 


Acoustic 1% Agar layer 
absorber 
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Fig. 6 (a) Scanning tray prepared with porcine small bowel tissue sample for US scan depicting its 
constituent layers. (b) Schematic representation of the cross-section of scanning tray prepared for US 
scan of porcine small bowel tissue 


T 
a 


Depth (mm) 
pi icin 





0 


Mesentery Length (mm) Fiducial marker 


Fig. 7 (m) Mucosa, (sm) Submucosa, (me) Muscularis propria, (s) Serosa. (a) Schematic of porcine small bowel 
tissue transected on its longitudinal axis and prepared for scan with Polybead® Microspheres 90.0 um 
injected in its distal end to serve as wUS fiducial markers. (b) B-scan reconstructed 2D image of perfused 
section of porcine small bowel tissue injected with fiducial markers corresponding to Fig. 7 a scanned across 
its short axis using the US step scanner and the 48 MHz transducer 


Jı 


. Operational amplifier with a gain G = 2 to amplify 12-Bit 
FlexRIO oscilloscope adapter module signal for DPR500 Dual 
Pulser /Receiver. 

6. Two-axis Motion Control and Positioning System (Galil DMC 

4132, MotionLink Ltd., Berkshire, UK). 


7. Maxon brushless Servo Motors (XY axis) (ML series 3000, 
MotionLink Ltd. Berkshire, UK) with Position Encoders 
(HEDS 500ppr, MotionLink, Ltd., Berkshire, UK). 


. Laboratory use Mini Scissor Lift Table. 


O © 


. Computer Terminal. 
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2.4 Ex Vivo Porcine 
Small Bowel Tissue 
Phantom 


2.5 Scanning Tray 


2.6 Working 
Solutions 


Vacuum-sealed abattoir-frozen porcine small bowel tissue sample 
(Length ~ 20.0 cm; Medical meat supplies, Oldham, UK). Tissue 
samples are stored in the freezer. 


l. 


l. 


Surgical instruments (Iris scissors, Mayo scissors and thumb 
dressing forceps, arterial forceps) are used for the preparation 
and transection of the porcine small bowel tissue sample. 


. BD 5 ml Luer-Lok™ syringe (Becton, Dickson and Company, 


New Jersey, USA). 


. Omnifix®-F Solo 1 ml syringe (Braun, Melsungen, Germany). 


. Butterfly™ Winged infusion set 23 G x 3⁄4” (Becton, Dickson 


and Company, New Jersey, USA). 


. Microlance™ Orange 25 G 5/8” (Becton, Dickson and Com- 


pany, New Jersey, USA). 


. Microlance™ Green 21G 1.5” (Becton, Dickson and Company, 


New Jersey, USA). 


. Magnifying lamp to aid in preparation of the porcine small 


bowel tissue sample (Premier Farnell plc, Leeds, UK). 


. Plastipak 60 ml syringe (Becton, Dickson and Company, New 


Jersey, USA). 


. Perfusor® fm (Braun, Melsungen, Germany). 


A transparent container is used to hold the acoustic absorber 
sheet and agar on which the tissue sample is placed for scanning. 


2. Acoustic absorber sheet. 


3. 1% (w/w) agar granular powder, General Purpose Grade (Fisher 


Scientific UK Ltd., Loughborough, UK). 


. Degassed phosphate buffered saline (dPBS) (DNase, RNase and 


protease free filtered through a 0.2 um filter; pH: 7.4 + 0.1; 
Fisher Scientific UK Ltd., Loughborough, UK). 


2. Red Food Coloring (Tesco, UK). 
3. Polybead® Microspheres 90.0 um (Polysciences, Inc., Pennsyl- 


vania, USA). 


. 3 M™ Glass microbubbles K1 series (3 M Company, Minnesota, 


UK). 


. Epidural filters, disc and flat, with Luer Lock connection (POR- 


TEX®, Smiths Medical, Kent, UK). 


3 Methods 
3.1 pUS Step 
Scanner System 


3.1.1 pwUS Step Scanner 
System Setup 


3.1.2 Preparation of „US 
Step Scanner System 
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The setup of the US slow scanner system comprises two sections: 
(1) assembly of the frame consisting of the 5-phase step motor (XY 
axis, Sigma Koki Co., Ltd., Tokyo, Japan) and remote pulser (JSR 
Ultrasonics, Imaginant Inc., New York, USA); (2) setup of external 
instrument to coordinate and support the US step scanner system 
as illustrated in the schematic diagram in Fig. 1. The frame of the 
scanning system consists of four aluminum pillars mounted 
between two optical breadboards (Thorlabs Ltd., Ely, UK) to 
provide stability during scanning. Within the frame, attached to 
the optical breadboard, the mobile parts of the scanning system are 
assembled. Two-dimensional motion is achieved through the stage 
motors, depicted by (H) and (I) in Fig. 1. The remote pulser has 
been mounted to these via an L-bracket, with a goniometer for 
accurate positioning of the transducer to prevent oblique inci- 
dence. The stage motors are connected to a SHOT—602 two- 
axis stage controller (Sigma Koki Co., Ltd., Tokyo, Japan). The 
MDO3014 mixed domain oscilloscope (Tektronix UK Ltd., Berk- 
shire, UK) records the raw electrical echo signal from the pUS 
transducer which is then input into a LabVIEW (National Instru- 
ments, Texas, USA) program in the computer terminal, custom 
made to automate the scanning process (see Notes 1 and 2). 


(a) After the region of interest of the tissue sample to be scanned 
is decided, it is placed in a scanning tray on a laboratory scissor 
lift which is subsequently raised to a sufficient height under 
the remote pulser. 


(b) The transducer is fitted onto the remote pulser and, using the 
Z-axis controller located on the pulser housing, it is gently 
lowered into the scanning tray over the tissue region to be 
scanned. The transducer’s focal distance has to be considered 
in the setup of the tissue sample. The depth of focus of the 
AFMTH19 48 MHz wUS transducer is 6 mm (see Note 3). 


(c) Inthe JSR control panel software used to control the DPR500 
Dual Pulser/Receiver (JSR Ultrasonics, Imaginant Inc., New 
York, USA), the following settings are fixed for all scans— 
Trigger: internal; Pulse energy: 12.4 uJ; Pulse repetition fre- 
guency: 200 Hz; Voltage: 143 V; Damping: 100 Q; Receiver 
Bandwidth: 5-300 MHz. The receiver gain is set at 40 dB 
prior to initial US test scans to determine background noise 
levels before adjustment as required. 


(d) The DPR500 Dual Pulser/Receiver is switched to pulse 
mode. The scanning tray is subsequently gently shifted such 
that the US transducer is over a region without the tissue to 
note the receive signal, indicating the presence of the agar and 
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Fig. 8 (a) Signals observed on MD03014 oscilloscope when transducer is positioned above a region of the 
scanning tray with a layer of agar and acoustic absorber sheet. (b) Signals observed on MD03014 Mixed 
domain oscilloscope when transducer is positioned above a region of the scanning tray over porcine small 
bowel tissue pinned to a layer of agar. The end of the transducer signal or the time from which the peak 
amplitude data is acquired is indicated with the cursor. (c) Screenshot of custom made LABVIEW program, 
depicting scan parameters, developed to automate US scanning 


acoustic absorber plate, on the MDO3014 mixed domain 
oscilloscope as illustrated in Fig. 8a. The scanning tray is 
then shifted to the position with the US transducer at the 
origin of the region to be scanned (see Note 4). 


(e) The acquisition start point noted on the MDO3014 mixed 
domain oscilloscope as illustrated in Fig. 8b, along with scan- 
ning parameters including distance and signal averaging, are 
input into the bespoke LabVIEW program to initiate scanning 
(see Note 5). 


3.1.3 Scanning Algorithm On initiation of the US scan, scan data is acquired at each step, 

for „US Step Scanner along the x-direction of the region of interest being scanned. The 

System physical distance between these acquisitions is determined by the x 
step size in the software interface. After completing a full pass in the 
x-direction, the system translates a single step in the y-direction and 
repeats the process until the end of the configured scanning limits 
have been reached. The algorithm which outlines the automation 
of the US step scanner is illustrated in Fig. 9a. 


a) HUS step scanner 


Conhgure 
Ultrasound Pulser 
and start pulsing 
at set PRE 


Configure 
Osclloscope 
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b) HUS continuous sweep scanner 
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Fig. 9 Scanning automation algorithm for a US step scanner b US continuous sweep scanner 


3.2 pUS Continuous 
Sweep Scanner 
System 


3.2.1 Setup of US 
Continuous Sweep Scanner 
System 


The setup of the US continuous sweep scanner system comprises 
two sections similar to those for the pUS stepping scanner system as 
described in Subheading 3.1. The frame used in the pUS continu- 
ous sweep scanner system is identical to that used in the pUS 
stepping scanner system. Within this frame, the setup of the mobile 
parts is that used in the pUS step scanner, as described in Subhead- 
ing 3.1, with the exception of the stage motors. Two Maxon 
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3.2.2 Setup of US 
Continuous Sweep Scanner 
System 


3.2.3 Scanning Algorithm 
for „US Continuous Sweep 
Scanner System 


3.3 Porcine Small 
Bowel Tissue Phantom 


3.3.1 Preparation of 
Porcine Small Bowel Tissue 


brushless servo motors (XY axis) (ML series 3000, MotionLink 
Ltd. Berkshire, UK) are housed to serve as the stage motors. These 
motors have position encoders (HEDS 500ppr, MotionLink, Ltd., 
Berkshire, UK) which allow the positions of the motors to be 
accurately measured whilst pulsing. This allows scanning of the 
tissue samples in a continuous fashion unlike in the stepping scan- 
ner system. The schematic in Fig. 2 illustrates the setup of the 
external system to coordinate and support the pUS continuous 
sweep scanner system. The motor moves continuously at a speed 
sufficient for averaging of the amplitude scan ofa particular location 
on the tissue sample, with subsequent transferred to storage in the 
computer terminal for processing. 


(a) The positioning of the tissue sample for US continuous 
sweep scanning is described in Subheading 3.1.2 for the US 
step scanner. 


(b) The DPR500 Dual Pulser/Receiver is then switched on with 
the US transducer positioned over the start point of the 
region of interest. In the JSR control panel software the fol- 
lowing settings were fixed as such for all our scans; Trigger: 
external; Damping: 100 Q; Pulse energy: 12.40 uJ; Receiver 
Bandwidth: 5-300 MHz (see Notes 3 and 4). 


(c) A bespoke LabVIEW program with simultaneous B-scan dis- 
play is run to determine if the pUS penetration is satisfactory 
or if the scan settings need adjustment. This is because the 
continuous sweep scanner does not include a separate digital 
oscilloscope like the US stepping scanner. To minimize the 
computer terminal’s memory usage an alternate custom made 
LabVIEW program without the simultaneous B-scan display is 
used with the finalized settings to complete the US continu- 
ous sweep scan (see Notes 1 and 2). 


The US continuous sweep scanner employs a continuous motion 
of the stage motors in the x-direction, with data acquisitions occur- 
ring as quickly as possible until the configured «x-limit is reached. 
The B-scan data and x-positions of each data line are then saved to 
the hard drive. If the y-direction parameters have not been satisfied, 
the motors translate one step in the y-direction and repeat the 
process. The full algorithm for the automation of the US contin- 
uous sweep scanner is illustrated in Fig. 9b. 


(a) Fresh frozen porcine small bowel tissue (Medical Meat 
Supplies, Oldham, UK), obtained vacuum packed, is thawed 
under a running tap water bath for 15 minutes prior to use. 
The tissue is gently washed on both its external and internal 
surfaces by running tap water over it and through its lumen. 
The tissue is then placed on a working surface under a 
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Fig. 10 (a) Thawed porcine small bowel tissue pinned to a working surface. (b) 
Porcine small bowel tissue with superficial mesentery layer flipped over and 
majority of deep mesentery layer extracted to reveal mesenteric vasculature 
lying between these layers 


magnifying lamp (Premier Farnell plc, Leeds, UK) to be 
prepared for scanning. 


The top layer of the mesentery of the small bowel is decorti- 
cated to reveal the mesenteric vasculature lying on the bottom 
layer of the mesentery (see Note 6). 


The tissue sample is pinned onto the acoustic absorber sheet 
using the Microlance™ Orange 25G 5/8” (Becton, Dickson 
and Company, New Jersey, USA) to allow sufficient exposure 
of the vasculature for cannulation as illustrated in Fig. 10. 


A Butterfly™ winged infusion set 23 G x 3⁄4” (Becton, Dick- 
son and Company, New Jersey, USA) is connected to a BD 
5 ml Luer-Lok ™ syringe (Becton, Dickson and Company, 
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Perfused small bowel tissue 


Fig. 11 (a) Cannulated porcine small bowel perfused with red food coloring 
solution using a BD 5 ml Luer-Lok ™ syringe. (b) Perfused porcine small bowel 
tissue focused on the small bowel vasculature. Comparison with Fig. 10a 
illustrates the difference between pre- and post-perfusion of the tissue with 
red food coloring solution 


New Jersey, USA) filled with diluted red food coloring (Tesco, 
UK). Angled at approximately 15° to the surface of the acous- 
tic absorber sheet, the Butterfly ™ winged infusion set needle 
is gently inserted into a vessel to cannulate it. Figure 11 


illustrates a successfully cannulated tissue sample (see Notes 
7 and 8). 


To determine if the cannulation is successful the BD 5 ml 
Luer-Lok™ syringe containing the red dye solution is gently 
pressed and the mesenteric vasculature of the small bowel 
tissue sample is observed (see Notes 9, 10 and 11). 


60 ml dPBS solution (Fisher Scientific UK Ltd., Loughbor- 
ough, UK) filled in a Plastipak 60 ml syringe (Becton, Dickson 
and Company, New Jersey, USA) is perfused into the cannu- 
lated mesenteric vessel of the tissue sample using a Perfusor® 
fm (Braun, Melsungen, Germany) at a rate of 200 ml/h. 


Small Bowel Microultrasound 557 


Superficial surface of 


(a) sacha 7a a porcine small bowel 


mesenteric vessel 








Cannulation 


Lumen 


Mesentery Small bowel 
vasculature Deep Surface of 
porcine small 
0) bowel 


Axis of 
ra GF 
kas 







Cannulation 
Mesentery Small bowel Lumen 
vasculature 


(c) Exposed internal 
surface of small bowel 





Mesentery 


Fig. 12 Schematic of the cross section of porcine small bowel tissue. (a) Shows bifurcation of mesenteric 
vessel to supply the superficial and deep surfaces of a cannulated small bowel. (b) Shows the axis of 
transection (dashed line) on the surface of the cannulated small bowel adjacent to the superficial edge of the 
mesentery. After incision, the superficial layer of the small bowel tissue is flipped over as indicated by the 
arrow to expose the internal surface for US scan. (c) Shows porcine small bowel tissue prepared for pUS 
scan with the internal surface exposed for scanning 


(g) Post-perfusion, the cannula is removed from the tissue and the 
small bowel tissue is transected adjacent to the upper edge of 
the mesentery as illustrated in Fig. 12 and flipped over to 
expose the lumen for scanning. 


(h) ‘The tissue is trimmed and the region of interest for scanning is 
to be pinned using Microlance™ Orange 25 G 5/8" onto the 
agar in the scanning tray. 


(i) The scanning tray is filled with dPBS solution, enough to 
cover the tissue sample, which is to serve as acoustic coupling 
in which the transducer will be partially submerged during the 
scanning process. Figure 13 illustrates an image of a prepared 
porcine small bowel placed under a pUS scanner. 


3.3.2 Inclusion of Experiments conducted to detect changes in the porcine small 
Fiducial Marker into bowel tissue sample over a period of time requires the same region 
Porcine Small Bowel Tissue of the tissue to be scanned multiple times. As the tissue is 
submerged in dPBS, only anchored to the agar by Microlance™ 
Orange 25 G 5/8”, it cannot be assumed that the tissue is neither 
being displaced nor undergoing a biological change such as tissue 
necrosis. Experiments using ex vivo mouse large bowel cells have 
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3.3.3 Preparation of 
Porcine Small Bowel Tissue 
for Scanning Whilst 
Perfusion 


Mesentery 


Exposed internal 
surface of small 
bowel 


Scanning tray 





Fig. 13 Prepared porcine small bowel tissue pinned to the agar layer in the 
scanning tray for pUS scanning. The tissue has been perfused, transected on its 
longitudinal axis and flipped over to expose the internal surface for US scanning 


shown significant cellular migration [7 |. This highlights the need to 
develop a method to determine potential tissue migration which 
could affect US scanning through the comparison of recon- 
structed B-scan images. Polybead® Microspheres 90.0 um (Poly- 
sciences, Inc., Pennsylvania, USA) were used as fiducial markers in 
the porcine small bowel tissue samples to be compared over a 
number of separate scans. An Omnifix®-F Solo 1 ml syringe 
(Braun, Melsungen, Germany) connected to a Microlance™ 
Green 21G 1.5” (Becton, Dickson and Company, New Jersey, 
USA) was used to inject Polybead® Microspheres 90.0 um in the 
region of interest of the tissue sample. The angle of penetration of 
the Microlance™ Green 21 G 1.5” should be approximately 15° 
from the surface of the tissue (see Note 9). 


To develop a tissue phantom which mimics the in vivo environment 
accurately requires a setup which allows for simultaneous perfusion 
and scanning. Two major issues have to be considered in the 
development of such a system: (1) ensuring the cannulation is intact 
within the mesenteric artery throughout the pUS scan; (2) mini- 
mizing the effects of the perfusing fluid on the pUS transducer. 
Steps in preparing such a phantom are similar to those described in 
Subheading 3.3.1, apart from certain changes discussed below (see 
Note 12). 


(a) The cannulation process should be attempted with the tissue 
sample placed directly on the agar surface in the scanning tray 
instead of the on the working surface to eliminate the need to 
move the cannulated tissue and risk the cannula becoming 
dislodged or damaging the vessel (see Notes 7 and 8). 
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Fig. 14 Schematic cross section of porcine small bowel pinned to agar layer in a scanning tray for US 
scanning with simultaneous perfusion of dPBS solution. The transected superficial layer of the small bowel 
exposes the superficial mesenteric vessel through which the perfusing dPBS solution could interfere with the 
uUS transducer. This issue is minimized by ligating the superficial mesenteric vessel to prevent leakage of 
dPBS solution in the path of travel of the transducer 


(b) Once, the superficial surface of the small bowel is transected, it 
will expose the mesenteric vessel supplying the superficial 
surface through which the perfusing dPBS solution will leak, 
interfering with the US transducer affecting the recon- 
structed B-scan images. Though leakage cannot be avoided 
completely, its effect can be minimized by ligating the superfi- 
cial mesenteric vessel as illustrated in Fig. 14 to divert the 
perfusing dPBS to the periphery of the scanning tray instead 
of directly in the path of travel of the US transducer. Ligation 
of the superficial mesenteric vessel is done using arterial for- 
ceps to clamp the vessel perpendicular to its axis (see Note 13). 


3.3.4 Preparation (a) Phosphate buffered saline (PBS) (DNase-, RNase-, and 
of Working Solutions protease-free filtered through a 0.2 um filter; pH: 7.4 + 0.1 
contains: 11.9 mM phosphates; 137 mM NaCl; 2.7 mM KCl, 
Fisher Scientific UK Ltd) is diluted with distilled water with a 
volume ratio of 1:10, boiled at a setting of 350 °C for 3 min 
and cooled to room temperature. 
(b) 1% (w/w) Agar granular powder, general purpose grade 
(Fisher Scientific UK Ltd.) is mixed with water distilled and 
degassed by boiling at 350 °C for 10 min while stirring with a 
magnetic stirrer. 


(c) 3g o0f 3 M™ Glass bubbles K series are mixed with 10 ml of 
distilled water and filtered through an epidural flat filter, with 
Luer-Lok™ connection (PORTEX®, Smiths Medical, Kent, 
UK). 


3.3.5 Setup of Scanning The scanning tray consists of two layers, prior to being filled with 
Tray PBS for scanning, as illustrated in Fig. 6. 
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4 Notes 


(a) 


(b) 


10. 


An acoustic absorber sheet cut according to the dimensions to 
fit into the transparent container, is placed inside the 
container. 


The agar solution prepared as described in Subheading 3.3.3, 
step 2 is poured into a transparent container containing an 
acoustic absorber sheet, covered and left to cool for 15 min 
before being placed in the fridge for 2 h (see Note 14). 


. During US scanning slight vibrations experienced by the pUS 


scanning system can affect the accuracy of the scan data. 


. The DPR500 Dual Pulser/ Receiver must be switched off prior 


to elevating the US transducer from the acoustic coupler, 
dPBS solution, in the scanning tray to avoid damaging the 
uUS transducer. 


. Air bubbles, which have a tendency to form on the surface of 


the US transducer, could affect the accuracy of pUS scanning. 
Hence, using a lens cleaning paper, the surface of the pUS 
transducer is gently cleaned prior to immersion in the acoustic 
coupling liquid. 


. After determining the start point of the region of interest for 


HUS scanning, pinning a needle adjacent to it allows for accu- 
rate positioning of the US transducer for scanning. 


. In the pUS stepping scanner system, derivation of acquisition 


start point time from the MDO3014 mixed domain oscillo- 
scope has to be done carefully to define the scanning window so 
as to exclude only the transducer signal and avoid loss of tissue 
signal. 


. Decortication of the superficial layer of the mesentery from 


porcine small bowel tissue has to be done with particular 
attention to the underlying vasculature to avoid rupturing it. 


. Cannulation should be attempted in the proximal aspect of the 


mesenteric vessel before it bifurcates into the vessels supplying 
the superficial and deep surface of the small bowel, as illustrated 
by the schematic in Fig. 12. 


. To avoid transection of the mesenteric vessel during cannula- 


tion, the degree of approach should be optimally kept at 15°. 


. It must be ensured that there are no air bubbles present within 


the tubing or syringe prior to infusion to avoid potential inter- 
ference of air bubbles with US scanning. 


Upon achieving successful cannulation of the mesenteric vessel 
of the tissue sample, the flaps of the butterfly valve should be 
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